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Preface 


Metal oxide varistor (MOV), or ZnO varistor, is a kind of polycrystalline 
semiconductor ceramics composed of multiple metal oxides and sintered 
by conventional ceramic technology. ZnO varistors have good nonlinear 
volt-ampere characteristics and excellent impulse energy-absorbing capacities. 
These advantages make them widely used in transient overvoltage protections 
for electrical/electronic systems. Now, varistors have been widely used as 
guardians to protect circuits over a very wide range of voltages, from a few volts 
in semiconductor circuits to 1000 kV AC and + 1100kV DC in electrical power 
transmission and distribution networks. Correspondingly, they can also handle 
an enormous range of energies from a few joules to many megajoules. Remark- 
ably, they are also very fast, switching in nanoseconds from their high-resistance 
state to highly conducting state and then restores to a normal high-impedance 
operating conditions. 

A bulk varistor is a complex multijunction device composed of large numbers of 
both ohmic and nonlinear elements connected in a random network. The features 
of bulk varistors are influenced by the geometry and the topology of the granular 
microstructure, as well as the properties and the distribution of electrical charac- 
teristics of grain boundaries. This book tries to bridge the Macro-Characteristics 
with the properties in microstructures of ZnO varistors to provide insights into 
some of the aspects in the microstructures of ZnO varistors, which influence the 
features of the bulk varistors and further the science and the understanding on 
microstructures of ZnO varistors and those parameters that affect the efticiency 
during the manufacturing process. 

The book includes 12 chapters, which mainly focuses on ZnO varistors. 
Chapter 1 introduces and highlights the fundamental knowledge and applica- 
tions of ZnO varistors. Chapter 2 introduces the conduction mechanism of the 
ZnO varistor, among the numerous conduction models, the one presented by 
G.E. Pike and further developed by G. Blatter and F. Greuter has been widely 
recognized and may meet most of the experimental phenomena. Various addi- 
tives to improve the electrical characteristics were discovered and the synthesis 
conditions were optimized, which will be introduced in Chapter 3. The electrical 
properties of each individual grain boundary will contribute to the global electri- 
cal characteristics of ZnO varistors, Chapter 4 characterizes the microstructural 
electrical properties of ZnO varistors. The simulation is helpful to reveal the 
connection between the microstructure and the macroscopic characteristics 
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of varistor ceramics, the details on how to simulate varistor ceramics will 
be presented in Chapter 5. The breakdown of ZnO varistors is an original 
phenomenon during their applications, and the failure models result in different 
energy handling capabilities, which will be introduced in Chapter 6. ZnO varis- 
tors can be electrically, chemically, and thermally degraded during use, leading 
to the reduction of barrier voltage height and, consequently, to the increase 
of leakage current, which could be catastrophic for ZnO varistors, Chapter 7 
discusses the electrical degradation of ZnO varistors. Chapter 8 introduces 
other ZnO varistor systems instead of bismuth, such as praseodymium, barium, 
and vanadium, for overcoming the shortcomings of Bi,O,-based ZnO varistors. 

The applications in electronic systems require the miniaturized varistors and 
low-voltage varistors. Chemical processing, such as sol-gel, solution, precipita- 
tion, microemulsion techniques, etc., facilitates a homogeneous doping at the 
molecular level to obtain a miniature device with a higher breakdown voltage, 
which will be introduced in Chapter 9. Interestingly, the ceramic—polymer 
composite varistor is a composite one, incorporating varistor particles or 
semiconducting particles, and its field-dependent property varies with the filler 
concentration. The composite varistor, with a lower breakdown voltage, can be 
a suitable substitute for ZnO-based varistors for the purpose of protection for 
low-voltage systems, which will be introduced in Chapter 1. 

Besides works on improving the performance of the ZnO varistor material, 
other new materials have also been searched in order to achieve a better stability 
and be used for new applications. The titanium-based capacitor—varistor dual- 
function varistor ceramics, such as TiO,, SrTiO, CaCu,;Ti,O,, (CCTO), and 
BaTiO, varistor ceramics, have realized the goal to achieve component minia- 
turization and provide a superior high-frequency and high-amplitude transient 
voltage protection, which will be introduced in Chapter 10. Different from 
the multiphase structure of the ZnO-based varistor, the SnO,-based varistor 
has a simple microstructure, good stability, and better thermal conductivity, 
which makes the SnO,-based varistor one of the most promising candidates to 
commercially compete with the ZnO-based varistor. The SnO,-based varistors 
will be introduced in Chapter 11. The WO,-based varistor ceramic is another 
kind of low-voltage varistor with a low threshold electric field of 5-10 Vmm™! 
and a high dielectric constant, which enables it to act as a varistor in parallel 
with a capacitor, which will be introduced in Chapter 12. 

This book covers main aspects of metal oxide varistors, which introduce funda- 
mental and advanced theories and technologies related to metal oxide varistors, 
research achievements in the this field, and has reflected the recent research 
works of the authors and their students and colleagues in Tsinghua University, 
especially the Ph.D. dissertations of Dr. Chen Qingheng, Dr. Hu Jun, Dr. Liu Jun, 
Dr. Long Wangcheng, Dr. Zhao Hongfeng, Dr. Xie Jingcheng, Dr. Cheng Chenlu, 
and MSc thesis of Ms. Wei Qiaoyuan. The author tried to cover all the aspects of 
metal oxide varistors, but it is hard to avoid ten thousand may have been left out. 


Professor Jinliang He 
Tsinghua University 
Beijing 

China 
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Introduction of Varistor Ceramics 


Zinc oxide (ZnO) varistor, which is a kind of polycrystalline semiconductor 
ceramic composed of multiple metal oxides and sintered using conventional 
ceramic technology, is a voltage-dependent switching device, which exhibits 
highly nonohmic current-voltage characteristics above the breakdown voltage. 
Basic information on ZnO varistors, including the fabrication, microstructure, 
and typical electrical parameters, is introduced. The history and applications of 
ZnO varistors are also presented. The panorama of alternative varistor ceramics 
for Bi,O,-based ZnO varistors is mapped out. Especially, the ceramic—polymer 
composite varistors with lower breakdown voltage, incorporating varistor 
particles such as semiconducting particles, a combination of metal and semicon- 
ducting particles, and ZnO microvaristors, in a polymeric matrix are reported. 
Now, varistors are available that can protect circuits over a very wide range of 
voltages, from a few volts for low voltage varistors in semiconductor circuits to 
1000 kV AC and +1100 kV DC in electrical power transmission and distribution 
networks. Correspondingly, they also can handle an enormous range of energies 
from a few joules to many megajoules. 


1.1 ZnO Varistors 


A varistor is an electronic component with a “diode-like” nonlinear current- 
voltage characteristic, which is a portmanteau of variable resistor [1]. Function- 
ally, varistors are equivalent to a back-to-back Zener diode and are typically used 
in parallel with circuits to protect them against excessive transient voltages in 
such a way that, when triggered, they will shunt the current created by the high 
voltage away from sensitive components. 

The most common type of varistor is the metal oxide varistor (MOV), which 
contains a ceramic mass of ZnO grains, in a matrix of other metal oxides, such 
as small amounts of bismuth, cobalt, and manganese, sandwiched between two 
metal electrodes. The boundary between each grain and its neighbor controls 
the current according to the applied voltage, and allows current to flow in two 
directions. The mass of randomly oriented grains is electrically equivalent to a 
network of back-to-back diode pairs, each pair in parallel with many other pairs. 
A varistor’s function is to conduct significantly increased current when voltage is 
excessive. Only nonohmic variable resistors are usually called varistors [1]. 
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In normal use, a varistor is subject to a voltage below its characteristic break- 
down voltage and passes only a tiny leakage current. When the voltage exceeds 
the breakdown voltage, the varistor becomes highly conducting and draws a 
large current through it, usually to ground. When the voltage returns to normal, 
the varistor returns to its high-resistance state [2]. The result of this behavior is 
a highly nonlinear current-voltage characteristic [3—5], in which the MOV has 
a high resistance at low voltages and a low resistance at high voltages; usually, 
the resistivity of a ZnO varistor is more than 10!° Q cm below the breakdown 
voltage, whereas it is less than several ohm-centimeters above the breakdown 
voltage [6]. The switch is reversible with little or no hysteresis although it can 
degrade under electrical loading [2]. A varistor remains nonconductive as a 
shunt-mode device during normal operation when the voltage across it remains 
well below its “clamping voltage”; thus varistors are typically used for suppressing 
line voltage surges. However, a varistor may not be able to successfully limit 
a very large surge from an event such as a lightning strike where the energy 
involved is many orders of magnitude greater than it can handle. Follow-through 
current resulting from a strike may generate excessive current that completely 
destroys the varistor [1]. 

ZnO varistors are voltage-dependent switching devices, which exhibit highly 
nonohmic current-voltage (J-V) characteristics above the breakdown voltage. 
The nonohmic J-V characteristics are usually expressed logarithmically, as 
shown in Figure 1.1 [6]. The degree of nonohmic property is usually expressed 
by a nonlinear coefticient a defined by the following equation: 


VdV 
=—— eal 
eT at) 
Empirically, the following simple equation is used: 
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1=(¢) = 
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Figure 1.1 /-V characteristics of a typical ZnO varistor. Source: Adapted from Eda [6]. 


1.2 Fabrication of ZnO Varistors 


Figure 1.2 The wurtzite structure of ZnO. 
Source: Adapted from Addison [7]. 


where C is a constant. Typical a values of ZnO varistors are from 30 to 100; there- 
fore, the current varies by orders of magnitude with only small changes in voltage. 
A more accurate measure of the nonlinearity is the dynamic conductance, the 
differential of the characteristic, at each voltage [2]. On the contrary, a values of 
conventional varistors such as SiC varistors do not exceed 10. 

The J-V characteristics of ZnO varistors are classified into three regions, as 
shown in Figure 1.2 [6]. In region I (low electrical field region, or pre-breakdown 
region), below the breakdown voltage (typically a voltage at 1 pAcm™’), the 
nonohmic property is not so prominent and can be regarded as ohmic, and 
the leakage current is highly temperature dependent. In region II (medium 
electrical field region, nonlinear region, or breakdown region), between the 
breakdown voltage and a voltage at a current of about 100 A cm~, the nonohmic 
property is very prominent and almost independent of temperature. In region III 
(high electrical field region or upturn region), above 100 Acm~?, the nonohmic 
property gradually decays, and the varistor is again ohmic. These three regions 
in engineering applications are also called as the low current region, medium 
current region, and high current region, respectively. 

ZnO varistors are characterized by the magnitude of the a values and the width 
of the range where highly nonohmic property is exhibited. In contrast to the 
pre-breakdown region, the nonlinear region and upturn region are little affected 
by temperature. The J-V characteristics below 100 mA cm? are usually mea- 
sured using a DC electric source, whereas those above 1 A cm~? are measured by 
an impulse current source to avoid heat generation and thermal breakdown. The 
waveform of the impulse current is 8/20 us with an 8 pis rise time and 20 us decay 
time up to one-half the peak value [6], which is used as a standard impulse current 
to test ZnO varistors. The J-V characteristics measured by the impulse currents 
show voltages higher than those measured using DC. The discrepancy is usually 
10-20%, as shown by arrows in Figure 1.1 [6]. This discrepancy is caused by the 
delay in electrical response in the ZnO varistors. The response delay is speculated 
to be caused by electron trapping and hole creation at the grain boundaries. 


1.2 Fabrication of ZnO Varistors 


ZnO has a wurtzite structure in which the oxygen atoms are arranged in a 
hexagonal close-packed type of lattice with zinc atoms occupying half the 
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tetrahedral sites, as shown in Figure 1.2; Zn and O atoms are tetrahedrally 
coordinated to each other and are equivalent in position. The ZnO structure is 
thus relatively open with all the octahedral and half the tetrahedral sites empty. 
It is, therefore, relatively easy to incorporate external dopants into the ZnO 
lattice. The open structure also has a bearing on the nature of defects and the 
mechanism of diffusion, and the most common defect in ZnO is the metal in 
the open interstitial sites [8]. Pure ZnO without any impurities or dopants is 
a nonstoichiometric n-type semiconductor with linear or ohmic behavior, and 
with a wide band gap (3.437 eV at 2 K) [8, 9]. 

ZnO varistors are semiconducting ceramics fabricated by sintering of ZnO 
powders with small amounts of various metal oxide additives such as Bi,O3, 
CoO, MnO, and Sb,O,. The nonohmic property comes from grain boundaries 
between semiconducting ZnO grains. These oxides are added to control one or 
more of the properties such as the electrical characteristics (breakdown voltage, 
non-linearity, and leakage current), grain growth, or the sintering process 
[10-18]. Bi,O, is the most essential component for forming the nonohmic 
behavior, and addition of CoO and MnO enhances the nonlinear proper- 
ties [11, 12, 19-22]. A very low concentration of Al,O, increases the ZnO grain 
conductivity while Sb,O, controls the ZnO grain growth [23-32]. Combination 
of additives such as Cr,O3, MnO, Bi O}, and CoO produces greater nonlinearity 
than a single dopant [10]. During high temperature sintering different phases 
are formed and the microstructure of a ZnO varistor comprises conductive ZnO 
grains surrounded by electrically insulating grain boundary regions. 

Dopants play at least three major roles in forming varistors by affecting grain 
growth during sintering, the dewetting characteristics of the liquid phase during 
cooling, and the electronic defect states that control the overall varistor charac- 
teristics [2]. In order to obtain high performance ZnO varistors, the composi- 
tions, impurities, mixing methods, particle sizes, and sintering conditions, such 
as maximum temperature and holding time, temperature rising/lowering rates, 
and oxygen and Bi,O, partial pressures, should be controlled precisely. This will 
be discussed in detail in Chapter 3. 


1.2.1 Preparation of Raw Materials 


ZnO varistors are commonly produced by conventional ceramic technology. The 
preparation process of ZnO varistors is basically the same as for general ceram- 
ics, whose primary processes include raw materials preparation, mixing, stoving 
and sieving, pre-sintering, smashing, prilling, molding, sintering, silvering, and 
testing. The preparation begins with weighing, mixing, and milling of oxide pow- 
ders in ball mills. After the addition of organic binder substances, the aqueous 
slurry is spray-dried to produce a granulate. After sieving appropriate fractions 
to extract dust and large agglomerated particles, the material is transferred to 
hydraulic pressing machines to mold the “green” disks [33]. In the whole process, 
raw materials preparation and sintering are the two key steps that determine the 
electrical properties of ZnO varistors. 

The preparation of material powders of ZnO varistors actually involves two 
steps: the preparation of ZnO powder and the mixing of ZnO powder with other 
additives. Usually, both steps are often combined as an inseparable one, so as to 
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achieve a one-step preparation of composite raw powders of the ZnO varistor 
ceramics. 
The preparation of pure ZnO powder is divided into three traditional methods: 


Direct method: Zinc powder is added to reducing agents such as coke and coal, 
and heated at a high temperature to form reduced Zn steam, and then oxidized 
to ZnO by air. 

Indirect method: the zinc ingots are melted into the hot crucible to evaporate, 
so as to form the Zn steam, and then oxidized to ZnO by air. 

Wet method: The ZnSO, or Zn salt solution such as ZnCl, reacts with the 
Na,CO, solution to crystallize the ZnCO, precipitation, and ZnO is generated 
by washing and filtering and heating to decompose the sediment. 


In order to prepare high quality ZnO powder, some liquid- and gas-phase 
methods have been also used for the preparation of ZnO powders alone. 

There are many ways of preparing ZnO varistor ceramic composite powders. 
According to the material states, the methods can be summarized as the solid 
phase, liquid phase, and gas phase one. 


Solid-phase method: it applies for the uniform mixing of ZnO solid powder and 
solid powder of other additives by mechanical milling. This is the conventional 
method used in the industry. However, it is difficult to obtain powders with 
uniform particle size distribution through this process. 

Liquid-phase method: it is developed from the wet method in the pure ZnO 
powder preparation. In liquid-phase synthesis, as components are fully dis- 
persed in the liquid phase the content of each component can be precisely 
controlled. The solid-phase grain size produced is small with narrow size distri- 
bution, and particles of spherical or nearly spherical shape are obtained. The 
liquid-phase method is now becoming more and more common in the ZnO 
varistor ceramics industry, and it includes precipitation calcination, sol-gel, 
spray pyrolysis, hydrothermal method, and so on. 

Gas phase method: this method includes chemical vapor oxidation, laser heat- 
ing, and so on. But the gas-phase method is of high cost, and it is difficult to 
achieve mass production using this. 


Combustion synthesis technique was also used to successfully produce pure 
and doped pure crystalline ZnO varistor powders with good compositional 
control. The combustion synthesis route enables synthesis at low temperatures 
and the products obtained are in a finely divided state with large surface areas. 
Combustion synthesis offers as added advantages, the simplicity of experimental 
setup, the surprisingly short time between the preparation of reactants and the 
availability of the final product, the savings in external energy consumption, and 
the equally important potential of simplifying the processing prior to forming, 
providing a simple alternative to other more elaborate techniques [34]. 


1.2.2 Sintering of ZnO Varistors 


ZnO varistor is fabricated by the traditional ceramic sintering technology, and 
the temperature control of the sintering process has a critical influence on the 
performances of the final products. The sintering procedure includes warm-up, 
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constant-temperature, and cooling periods. The pressed disks are sintered 
in an electric furnace at 1150-1350°C for one to five hours in air, and the 
temperature is increased or decreased at 50—200°Ch7!. During the warm-up 
and constant-temperature periods several chemical phase transformations take 
place, which result in a complete rearrangement of the microscopic particles and 
the creation of a dense polycrystalline matrix of ZnO grains and other phases, 
which are incorporated therein. The homogeneity of the ceramic microstructure 
strongly depends on the initial distribution of the reacting particles in the 
green body, and inhomogeneously distributed additives can result in islands 
of exaggerated or hampered ZnO grain growth or porosity, while such defects 
lead to bad electrical performance [33]. Finally, electrodes are prepared on both 
surfaces. The best electrodes are painted In—Ga alloys or evaporated Al films. 
Conventional silver electrodes painted and fired at 500-800 °C are also used [6]. 

The solid-state-based ceramic processing route still remains the preferred 
method of manufacturing because of the simplicity, cost, and availability of the 
metal oxide additives; this process has considerable disadvantages especially for 
many modern commercial applications. A major disadvantage of this route is 
the difticulty in obtaining additive homogeneity at a microscopic level, which is 
especially important for the manufacture of miniaturized electronic equipment. 
Processing methods and additive homogeneity are the critical parameters to pro- 
duce a varistor material with favorable electrical characteristics. Inhomogeneous 
microstructures could cause degradation of varistors during electrical operation. 
Therefore, careful control of the microstructure is required to produce a varistor 
of desired characteristics [10]. 

Chemical processing, such as sol-gel, solution, precipitation, and microemul- 
sion techniques, facilitates homogeneous doping at the molecular level. Among 
those various methods reported, sol-gel processing is found to be a promising 
one to obtain a miniature device with higher breakdown voltage, low leakage 
current, and reasonably good nonlinear characteristics [10]. However, control- 
ling the grain growth at high sintering temperatures still remains a challenge for 
varistor ceramics, and the electrical properties could be improved if the mate- 
rials could be sintered to full density with sub-micrometer or nanometer grain 
size. Researchers have proposed seed law method, stacking method, hot pressing 
method, microwave sintering method, and other technologies for the sintering of 
ZnO varistor ceramics [6]. Indeed, a significant enhancement in electrical prop- 
erties has been achieved by novel sintering procedures such as step sintering, 
spark plasma sintering, or using microwave irradiation [10]. This will be intro- 
duced in Chapter 9. 


1.3 Microstructure 


Conventional varistors are usually prepared by mixing 0.2-1 um sized ZnO 
powders with oxide additives. Although the microstructures of varistors exhibit 
considerable variation from one manufacturer to another, they all exhibit the 
characteristics of a typical ceramic prepared by liquid-phase sintering. ZnO 
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Figure 1.3 SEM photomicrograph of ZnO varistor microstructure. 


varistors are polycrystalline materials composed of semiconducting ZnO grains 
with their attendant grain boundaries as shown in Figure 1.3. Moreover, the 
microstructure contains particles of one or more types of spinel, and a lot of 
remaining pores can be primarily found in the grain boundaries. Depending on 
the composition, twins within the ZnO grains and a small amount of a pyrochlore 
phase can also form. The ZnO-Bi,O,—Sb,O, system forms a pyrochlore phase 
Zn,Bi,Sb,0,4 above 650°C. With ZnO, pyrochlore further reacts to form a 
spinel (Zn,Sb,O,,) (12, 35]. 

The grain boundary has a relatively thick (0.1-1 pm) Bi,O3-rich intergranular 
layer, which becomes thinner (10-1000 A) as it approaches the contact points of 
the particles [6]. The sizes of ZnO grains are usually 5-20 um and depend on the 
material composition, temperature, and time of sintering. The resistivity ofa ZnO 
grain is 0.1-1 Q cm. The grain boundaries are highly resistive and show nonohmic 
property, and the corresponding breakdown voltage is around 200-400 V mm7! 
for conventional varistors, and the breakdown voltage per grain boundary is 
about 3 V. The breakdown voltage of the sintered body is proportional to the 
number of grain boundaries between the two electrodes. This indicates that the 
breakdown voltage is proportional to the inverse of the ZnO grain size [6]. 

The characteristics of ZnO varistor ceramics are closely related to their 
microstructure, which is characterized by the following parameters: ZnO 
grain size and the grain size distribution, grain boundaries, secondary phases 
such as the Bi,O}-rich phase, Zn,Sb,O,, spinel-type phase, and Bi;Zn,Sb,;0,,4 
pyrochlore-type phase, the distribution of secondary phases along the grain 
boundaries, and the size and distribution of pores [36]. 


1.4 Typical Parameters of ZnO Varistors 


The nonlinear voltage—current (V-I) characteristics of ZnO varistors can be 
approximately expressed by Eq. (1.2). In Figure 1.4 [37], the V-Z nonlinear curve 
is shown, where the bi-logarithm coordinates are used, and the voltage and 
current are represented by the voltage gradient and current density, respectively. 
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Figure 1.4 Nonlinear voltage-current (V-/) characteristics of ZnO varistors. 


The nonlinear V—/ characteristics of ZnO varistors is mainly indicated by the 
following parameters, some of which only apply to the high voltage electrical 
applications [37]. 


Nonlinear coefficient a: it represents the reciprocal of the slope of the straight 
part in the V-Z curve, and generally refers to the corresponding value of the 
breakdown region. The larger the value is, the better the performance. 

Varistor voltage U „ma: it refers to the voltage of the varistor at the turning point of 
the curve, at a specific value of current (between 0.1 and several milliamperes, 
usually 1 mA), also called the reference voltage. For the convenience of perfor- 
mance comparison, it is usually represented by the voltage gradient E,,,,,,: 


u, 


Enma = = (1.3) 


where d is the thickness of the varistor disk. 

Chargeability (or voltage undertaking ratio) S: it is defined by the ratio of the crest 
value of the continuous operating voltage to the varistor voltage U „ma; it rep- 
resents the load voltage intensity at continuous operation condition. 

Leakage current I; refers to the current flowing through the varistor at the set 
temperature and voltage, which is less than the varistor voltage, and usually 
takes 0.75 Uma as the test condition. 

Residual voltage Unya: it refers to the impulse voltage occurring at the set 
impulse current of N kA. In high voltage applications, it is usually represented 
by impulse current residual voltage, lightning current residual voltage, and 
steep-wave current residual voltage. 

Residual voltage ratio K: it refers to the ratio of the residual voltage to the varistor 
voltage, namely, U yka /U nma- 

Discharge capacity: it refers to the maximum impulse current value allowed to 
flow through the varistor in the set conditions, including a 2 ms square wave 
and a 4/10 us impulse current. 


1.5 History of ZnO Varistors 


Energy absorption capability (or energy handling capability) is the second 
most important property of ZnO varistors next to nonlinearity. ZnO varistors 
as the core elements of surge arresters in high voltage systems or surge protec- 
tion devices (SPDs) in low voltage systems are required to absorb substantial 
amounts of energy resulting from temporary overvoltages, switching surges, 
or lightning impulses. Therefore, the energy absorption capabilities of ZnO 
varistors are crucial for the integrity of equipment and systems. However, it has 
been observed in experiments that differences in barrier voltages, grain sizes, 
and grain boundary characteristics inside the same ZnO varistor and among 
different ZnO varistors cause nonuniformity in the microstructurally electrical 
and thermophysical characteristics of ZnO varistors, and finally result in the 
differences in their current handling capabilities, which is also called as the 
energy absorption capability and has a direct relation to the failure modes. Fail- 
ure modes include electrical puncture, physical cracking, and thermal runaway, 
which happen under different currents. The energy absorption capability can be 
divided into thermal energy absorption capability and impulse energy absorption 
capability. For the impulse energy absorption capability single impulse stress, 
multiple impulse stress (without sufticient cooling between the impulses), and 
repeated impulse stress (with sufticient cooling between the stresses) have to 
be considered. Thermal energy absorption capability, on the other hand, can 
only be considered for complete metal oxide arresters (MOAs) or SPDs, as it is 
mainly affected by the heat dissipation capability of the overall arrester design, 
besides the electrical properties of the MOVs. 

Another important electrical characteristic of ZnO varistors is the dielectric 
property. Below the breakdown voltage, ZnO varistors are highly capacitive. The 
dielectric constant of ZnO is 8.5, whereas an apparent dielectric constant of a 
ZnO varistor is typically 1000. The dielectric properties are mainly caused by 
thin depletion layers (~1000 A) at the grain boundaries [6]. 


1.5 History of ZnO Varistors 


The ZnO varistors were first developed by Matsuoka and his research group 
at Matsushita Electric (Japan) in 1969 [38] and were commercialized under 
the trade name ZNR in the following year [6]. In 1979, they introduced many 
of the essential features of ZnO varistors as we know them today in detail 
[3], which included making ZnO semiconducting by adding substitutional 
ions, densification by liquid-phase sintering with a Bi,O,-rich liquid phase, 
segregation of large ions to the grain boundaries, and the main formulas with 
high nonlinearity by doping manganese and cobalt. Although work on the 
electrical properties of ZnO ceramics apparently had been underway in Russia 
in the early 1950s [39, 40], it was Matsuoka’s work [3] that captured attention, 
and, shortly thereafter, a joint development effort was undertaken by GE and 
Matsushita [41]; one of Matsuoka’s contributions was the discovery of the role 
of aluminum [42]. It was in the period following this that extensive literature 
was documented and the scientific basis for varistors as well as many of the 
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key technological developments was established. Concurrently, the superiority 
of ZnO varistors over SiC varistors for many applications was established, and 
expertise in utilizing ZnO varistors spread geographically. More companies 
began to manufacture varistors, and alternative sets of dopants were introduced, 
but the essential features introduced by Matsuoka remained [2]. The one 
exception was the use of Pr,O, in the place of Bi,O, [43, 44]. 

The performance parameters of ZnO are closely related to the raw formulas. 
By changing the percentage and compositions of the additives, the performance 
of ZnO varistors changes correspondingly. According to the additives, industrial 
ZnO varistors are mainly divided into two series: 


e The ZnO-Bi,O, series, or Bi-series, mainly includes additives such as Bi,O,, 
Sb,O,, Co,O3, MnO,, and Cr,O, [3]; 

e The ZnO-Pr,O,/Pr,O,, series, or Pr-series, mainly includes additives such as 
Pr,O;/Pr¢O,,, Co,O3, and CaO [43, 44]. 


Many efficient additives were discovered. Eda [6] and Gupta [8] separately sum- 
marized and classified the additives into four types according to their effects: 


Additives such as Bi,O3, Pr,O,, BaO, SrO, and PbO, which make ZnO form a 
grain boundary structure, mainly promote liquid-phase sintering to form grain 
boundaries and make the materials nonlinear. 

Additives such as Co,O,, MnO,, Sb,O,, Al,O3, and Ga, O, improve the nonlin- 
earity of the ZnO varistor. Part of these additives solidly solutes in ZnO grains 
to form impurity traps to provide carriers as donors, while the others form 
traps to promote the barrier height as acceptors. 

Additives such as Sb,O3, SiO,, and TiO, affect the growth of ZnO grains by 
promotion or inhibition; the size of ZnO grains can be controlled, and the 
voltage gradient is tailored. 

Additives such as Sb,O3, SiO,, NiO, and frit mainly improve the stability of 
ZnO varistors. 


In the first decade after the Matsuoka’s invention, various additives to improve 
the electrical characteristics were discovered and the processing conditions 
were optimized. This will be introduced in Chapter 3. In the next decade, 
the microstructures and the physical properties of the grain boundaries were 
gradually identified, and applications were rapidly found in protecting electrical 
equipment and electronic components such as transistors and integrated circuits 
(ICs) against voltage surges [6]. 

Many efforts have been made in the past several decades focusing on the 
conduction mechanism in the ZnO varistor; among the numerous conduction 
models proposed by different research groups, the one presented by Pike 
[45, 46] and further developed by Blatter and Greuter [47—49] has been widely 
recognized and may meet most of the experimental phenomena. Essentially, it 
is believed that the nonlinear V—I characteristic of the ZnO varistor is caused 
by the charge carriers transporting across the double Schottky barrier (DSB) 
formed at the grain boundary. The conduction mechanism of the ZnO varistor 
will be introduced in Chapter 2. 


1.5 History of ZnO Varistors 


The electrical properties of each individual grain boundary will contribute to 
the global electrical characteristics of ZnO varistors. By microcontact electrical 
measurements on multiple-phase ZnO varistors, the grain boundaries were sim- 
ply classified into good, bad, and ohmic ones according to the electrical charac- 
teristics of grain boundaries, and a high percentage of grain boundaries had bad 
or ohmic J-V characteristics, and only a small percentage of grain boundaries 
had good I-V characteristics. These few good grain boundaries are responsible 
for the good varistor effect and control the leakage current of the ZnO varistor at 
low values of applied voltage [50]. So, it is very important to understand the influ- 
ence of the junction network on the device properties [51]. The microstructural 
electrical characteristics of ZnO varistors will be introduced in Chapter 4. 

The influence of the geometry and topology of the granular microstructure as 
well as the properties and the distribution of electrical characteristics of grain 
boundaries on the features of bulk varistor devices is another important issue. The 
simulation study of such systems is helpful to reveal the connection between the 
microstructure and macroscopic characteristics of varistor ceramics. This was 
recognized early in the development of ZnO varistors, and a number of conse- 
quences were discussed based on the idea that the disorder resulted in “chains” of 
more conducting paths through the microstructure [2]. One of the most impor- 
tant simulation models is where Bartkowiak and Mahan [52] used the Voronoi 
network to present the actual microstructures of ZnO varistors with randomly 
distributed ZnO grains and grain boundaries. The details on how to simulate 
varistor ceramics will be introduced in Chapter 5. 

The breakdown of ZnO varistors is an original phenomenon during their appli- 
cation, which has been reported in many publications [53-60]. It has been found 
that every varistor has a different destruction phenomenon under impulse cur- 
rent and AC or DC current. Three failure modes have been identified [61]: elec- 
trical puncture, physical cracking, and thermal runaway (or thermal breakdown); 
these failure models result in different energy handling capabilities. This will be 
introduced in Chapter 6. 

ZnO varistors can be electrically, chemically, and thermally degraded during 
use, leading to a reduction in barrier voltage height and, consequently, an increase 
in leakage current, which could be catastrophic for ZnO varistors. In the past few 
decades, much research has been carried out to explain the observed degradation 
phenomena of ZnO varistors, and correspondingly various degradation mech- 
anisms of grain boundaries have been proposed, e.g. electron trapping, dipole 
orientation, ion migration, and oxygen desorption [62-64]. Among these mech- 
anisms, ion migration has found comparatively strong support on the basis of 
different circumstantial evidences. Electrical degradation of ZnO varistors will 
be introduced in Chapter 7. 

Processing for increased reliability, microstructural uniformity, and resistance 
to degradation has continued to the present and has also become more sophis- 
ticated through the use of improvements in process control, chemical routes to 
homogenization of powders, and even formulation optimization through tech- 
niques such as neural network modeling [2]. 

Now, varistors are available that can protect circuits over a very wide range of 
voltages, from a few volts for low-voltage varistors in semiconductor circuits to 
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11000 kV AC and +1100 kV DC in electrical power transmission and distribution 
networks. Correspondingly, they can also handle an enormous range of energies 
froma few joules to many megajoules. Remarkably, they are also very fast, switch- 
ing within nanoseconds from their high resistance state to a highly conducting 
state [2]. 


1.6 Applications of ZnO Varistors 


MOY, which is also called as ZnO varistor, has good nonlinear volt-ampere 
characteristics and excellent impulse energy absorbing capacity; these advan- 
tages enable wide MOV usage in transient overvoltage protection for electrical/ 
electronic systems. In low voltage systems, MOV, shown in Figure 1.5a, is 
assembled as SPDs as in Figure 1.5b; in high voltage fields, MOVs, which have 
disk shape or ring shape as shown in Figure 1.6a, are manufactured as surge 
arresters as in Figure 1.6b; MOVs are also used as energy absorbing devices 
in electrical/electronic systems. Surge arresters are devices that help prevent 


Figure 1.5 (a) Metal oxide varistors for low voltage systems and (b) surge protection devices 
(SPDs). 


(b) 


Figure 1.6 (a) Metal oxide varistors for high voltage systems and (b) surge arresters with 
porcelain houses. 


1.6 Applications of ZnO Varistors 


damage to apparatus due to high voltages. The arrester provides a low-impedance 
path to ground for the current from a lightning strike or transient voltage and 
then restores to normal high-impedance operating conditions. 

The surge arrester is the key overvoltage protection equipment in electri- 
cal power systems, and the insulation level of power apparatus is determined 
by the overvoltage protection level of surge arresters. Lightning overvoltages 
were causing problems on overhead lines well before Tesla and Edison argued 
over the merits of AC and DC. Many of the overvoltage protection methods 
for distribution lines follow the same philosophy as that used for telegraph and 
telephone lines. For example, early surge protective devices on single-phase 
power lines used single or multiple air gaps, as shown in Figure 1.7 [65], which 
followed telegraph line protection measures closely. As shown in Figure 1.8, 
the development of surge arresters for transient overvoltage protection in 
power systems has experienced gap-type arrester, expulsion-type arrester, SiC 
valve-type arresters with internal spark gaps and magnetic blow gaps, and ZnO 
surge arresters. SiC varistor ceramics were developed in the early 1930s to 
replace early selenium rectifiers for protecting telephone systems. The materials 
developed by the Bell System consisted of partially sintered compacts of SiC 
particles [66, 67]. Successive improvements, particularly in processing, took 


Figure 1.7 Lightning surge arrester, 
manufactured by Oerlikon in 1886 _—  — 
for Kriegstetten-Solothurn 2 kV v 
power line. Source: Chisholm 2010 
[65]. Reproduced with permission of 
IEEE. 
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Figure 1.8 Technical development progress of surge arresters. 
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place both in the United States and in Japan [68]. The nonlinear coefficient of 
SiC varistors is less than 10, so the leakage current under operating voltage is too 
high and has to work with a series gap. But the ZnO varistor has high nonlin- 
earity, and its leakage current under operating voltage is very small; usually ZnO 
surge arresters can work without a series gap, so ZnO surge arresters are of the 
gapless type. The ZnO surge arrester has good protection performance, quick 
response speed, and large energy handling capability; as a result, it has been 
widely accepted, popularized, and used in power systems. Figure 1.9 shows the 
application of surge arresters in 1000 kV ultrahigh voltage (UHV) AC substation. 

The ZnO surge arresters used in Japan’s UHV transmission systems were 
mainly developed by the Mitsubishi Corporation. Three kinds of ZnO varistors 
of different characteristics for UHV arresters, named as type A, B, and C, were 
manufactured. The volt—ampere characteristic of A-type varistor is similar to 
that of varistors used in the conventional 500 kV ZnO arresters. And B-type and 
C-type owned a more superior protection performance to meet the requirements 
of insulation of UHV systems, especially the C-type varistor. The C-type has the 
best performance and the lowest residual voltage, which makes it become the 
ultimate choice in UHV arresters in Japan [69]. 

The B-type arrester is used in 1000 kV systems whose rated voltage is 826 kV; 
when the 8/20 us impulse current is 20 and 10 kA, the residual voltage is 1800 
and 1710 kV, respectively, whereas the residual voltage of the C-type is only 1620 
and 1550kV when the current is 20 and10 kA. Compared with the 1112kV 
residual voltage with 20 kA current of the 500 kV arrester, the residual voltage 


Figure 1.9 1000 kV ultrahigh voltage AC surge arresters with porcelain houses in Dongwu 
1000 kV UHV AC substation. Source: Courtesy of X. Zhao. 


Figure 1.10 Volt-ampere 
characteristic curves of 


different UHV surge arresters: 


presently applied in China 
(PA), arrester used in Japan 
(JP), and low residual voltage 
arrester (LR), which is being 
developed in China. Source: 
He et al. 2011 [69]. 
Reproduced with permission 
of IEEE. 
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Figure 1.11 Ultrahigh voltage AC 


tank-type surge arresters in 1000 kV 
Jindongnan Substation in China. 
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of the C-type arrester increases by only 45.7% when the system voltage doubles. 
Figure 1.10 shows the data of volt—ampere characteristic curve of the C-type 
arrester used in Japanese UHV systems with a voltage base of 890 kV [69]. 
Except the ZnO surge arresters with porcelain houses, tank-type surge 
arresters in SF, insulation are widely used in gas-insulated substations (GISs); 
the 1000 kV UHV AC tank-type surge arresters, with height of 4455 mm and 
diameter of 2024 mm, are shown in Figure 1.11. Usually, ZnO surge arresters 
are assembled in porcelain houses, and applied in overvoltage protection 
in high voltage substations and distribution systems. Since the 1980s, ZnO 
surge arresters with polymeric houses have been developed, as shown in 
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Figure 1.12 Metal oxide surge arresters with polymeric houses. 
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Figure 1.13 Line surge arresters and application on transmission line. 
Figure 1.12. This kind of polymeric line surge arresters are very light, and have 
been applied in parallel with the insulators for lightning protection of high 
voltage transmission lines [70-77]. Typically, the polymeric line surge arrester 
has a whole-solid-insulation structure; all interior gaps are filled with middle 
temperature silicon rubber material. There is no gas gap inside the arrester [77]. 
We know that the main reason for porcelain house arrester failure is moisture 
ingress, so the failure of the whole-solid-insulation arrester caused by moisture 
ingress is eliminated. The polymeric housing not only makes the surge arrester 
smaller and lighter but also solves the problem of pressure relief due to the 
absence of air gap inside the polymeric arrester; the electrical, and therefore 
thermal, overloading of the ZnO varistors could not cause a flashover along 
the side surface of the ZnO varistor column. So the whole-solid-insulation 


polymeric surge arresters are of the safety type. Usually, the polymeric line 
surge arresters are assembled with series gaps as shown in Figure 1.13, and only 
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operate when lightning strikes the transmission line or the tower. It would not 
work under AC power frequency overvoltage or switching overvoltage, and 
keeps the state of “rest” due to the isolation of the series gap [77]. Now line surge 
arresters have been applied in 110-500 kV AC transmission lines, and +500 kV 
to +800 kV UHV DC transmission lines. The lightning protection performances 
of transmission lines have been highly improved due to the installation of these 
polymeric line surge arresters. 
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In order to overcome the shortcomings of Bi,O,-based ZnO varistors, other 
ZnO varistor systems have been added to ZnO varistors instead of bismuth, such 
as praseodymium [78, 79], barium [80], and vanadium [81]; all exhibit varistor 
behavior. All of them not only have a simple microstructure consisting of ZnO 
grain and intergranular layer, but also high nonlinearity. This will be introduced 
in Chapter 8. 

Besides working to improve the performance of the ZnO varistor material, 
scientists are also searching for other new materials in order to achieve better 
stability and be used for new applications. 

The integration of electronic circuitry into IC chips has brought large volume 
and weight reductions, so there is an increasing trend toward integration of 
passive electronic-ceramic components. In order to protect electronic circuits 
from damage due to surge voltages, the application of varistors within low 
voltage fields also rose. The titanium-based capacitor—varistor dual function 
varistor ceramics, such as TiO,, SrTiO}, and CaCu,Ti,O,, (CCTO) varistors 
[82-88], have realized the goal of component miniaturization and provide 
superior high-frequency and high-amplitude transient voltage protection. This 
will be introduced in Chapter 10. 

In 1995 [89], S.A. Pianaro found that SnO, varistor ceramics doped small 
amounts of additives obtained by solid-state sintering. Unlike the multiphase 
structure of ZnO-based varistor, SnO,-based varistor has a simple microstruc- 
ture and good stability. Dense SnO,-based systems present values of nonlinear 
coefficient, breakdown voltage, and barrier voltage per grain equivalent to those 
of the traditional and commercial ZnO varistor [89—95], and better thermal con- 
ductivity; this makes SnO,-based varistor one of the most promising candidates 
to compete commercially with ZnO-based varistor. SnO,-based varistors will be 
introduced in Chapter 11. 

W0O,-based varistor ceramic is another kind of low voltage varistor with a low 
threshold electric field of 5-10 V mm“! and high dielectric constant [96—98]; this 
enables it to act as a varistor in parallel with a capacitor, which is attractive for 
applications in the elimination of electrical noise of micro-motors, protecting 
contact of delays, and absorbing discharges of some circuits. W/O,-based varistor 
ceramics will be introduced in Chapter 12. 

More investigations have been carried out. The effect of CuO doping on the 
microstructure and electrical properties of Pr,O,, varistors was investigated [99]. 
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Minor CuO doping can improve the nonlinear electrical properties by oftering 
more oxygen adsorption sites. Highly nonlinear current-voltage relations with 
voltage-limiting characteristics are observed for Mg-doped lanthanum calcium 
manganite polycrystalline ceramics with nonlinear coefficient of 2-9 at low elec- 
tric field strengths of 2-5 V mm“, below magnetic transition temperatures [100]. 
The current density increases with external magnetic field, so that magnetically 
tunable low voltage varistors are realized. 

Varistor action with a nonlinear coefficient of 3.9 and a breakdown voltage 
of 40 V mm! was observed in undoped terbium oxide ceramic and the sample 
exhibited excellent electrical stability up to 70°C [101]. 

Not surprisingly, a number of polycrystalline semiconducting ferroelectrics 
also can be expected to exhibit varistor characteristics, albeit over a narrower 
range of temperature [102, 103]. 
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Interestingly, the ceramic—polymer composite varistor is a composite one, incor- 
porating varistor particles [104] or semiconducting particles, or a combination of 
metal and semiconducting particles, such as ZnO [105-107], SiC [108], and ZnO 
microvaristors in a polymeric matrix. The field-dependent property of the com- 
posites varies with filler concentration. When the filler concentration is above a 
critical value, which is called as percolation threshold, the composite begins to 
exhibit stable nonlinear properties, and current flows from one particle to the 
next through an interfacial region. Some studies concluded that for nonlinear 
composites with spherical fillers such as ZnO and SiC, high filler concentrations 
of typically 30-40 vol.% were required to obtain nonlinear electrical conductivity 
[109, 110]. 

The varistor particles themselves can exhibit nonlinear behavior, so the 
ceramic—polymer composite varistors exhibit nonlinearity in electrical conduc- 
tivity [111-114] and function in a manner similar to the original incorporating 
varistor particles. Although the energy handling capabilities of composite 
varistors are generally inferior to those of solid ZnO varistors, their advantages 
in flexible shape and easy fabrication and formability make them attractive for 
many applications. 

Composite varistors with lower breakdown voltage can be a suitable substitute 
for ZnO-based varistors for the purpose of protection of low voltage systems 
[114]. Low voltage varistors with good nonlinearity have been achieved using 
ZnO-polyaniline—polyvinyl alcohol (PVA) composites. Polymer composite 
thin films can be easily prepared by solution-casting technique. To increase 
the elasticity of final films and to prevent them from tearing PVA can be 
effectively employed in the varistor matrix. The devices with high nonlinearity 
coefficients (2.7—4.1) and low breakdown voltages (120-350 V) are useful in 
protecting sensitive electrical circuits [111-113]. The composite varistor with 
GaAs-—polyaniline—polyethylene compositions can be easily prepared as thin 
disks using hot pressing method [111-113]. The samples with higher percentages 
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of GaAs (>50%) display varistor properties. They can be used to protect circuits 
from ~60 V up to over 90 V. 

Silicon has some unique properties that make it important in the varistor indus- 
try [115]. The breakdown voltages of Si-polymer composite varistors were low 
in comparison with similar ZnO—polymer composite varistors [115, 116]. On the 
Si content exceeding 65% of the whole Si-polymer mixture, samples exhibited 
varistor behavior with a nonlinear coefficient of about 10. But at temperatures 
between 100°C and 130°C, the nonlinear conductivity of the varistor gradually 
turned to ohmic conductivity. 

Polymer/perovskite manganese oxide (epoxy resin/Lay,Sry,MnO,) com- 
posites were prepared using the bonded method [105]. There was no reaction 
between LapgSropMnO, and the polymer. The nonlinear current-voltage 
property is significantly affected by the content of the polymer, and the nonlinear 
coefficient can exceed 45. The resistivity of the composites is five to nine orders 
of magnitude higher than that of the sintering ceramics. 

In order to improve the nonlinearity of composite varistors, the ZnO 
microvaristor shown in Figure 1.14 [117], which was produced by the same 
fabrication technique and prescription of ZnO varistors, has been used as 
the filler in polymers [117-120]. ZnO microvaristor composites based on 
silicone matrix were prepared. The silicone and vulcanizing agent were mixed 
in 0.8 wt% with tetrahydrofuran solvent and blended by a high torque blender 
for about 20 minutes. After the silicone was fully dissolved in the solvent, ZnO 
microvaristor powders were poured into the liquor and the blending continued 
for 40 minutes. Then the mixture was dried in a vacuum oven for more than 
10 hours till the solvents fully volatilized. This was followed by the process of 
vulcanization. Each time, a 3 g mixture was pressed by the vulcanizing machine 
at a pressure of 15 MPa at 170°C for 15 minutes and then naturally cooled to 
room temperature at the same pressure. The acquired silicone rubber composite 
sample is about 0.5 mm in thickness and 20 mm in diameter. 

Figure 1.15 presents the scanning electron microscopy (SEM) images of the 
ZnO microvaristor silicone rubber composites [117]; it is evident that many fillers 


Figure 1.14 SEM image of 
two contacted ZnO 
microspherical varistors 
[117]. Source: https:// 
creativecommons.org/ 
licenses/by/4.0/. 
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100 um 


Figure 1.15 SEM images and possible conduction paths in ZnO microvaristor composites 
[117]. Source: https://creativecommons.org/licenses/by/4.0/. 
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are aligning in series. The conduction paths could be approximately determined 
and marked by the dotted lines. The solid lines indicate silicone rubber layers 
separating two adjacent fillers in a potential breakdown path. When the filler 
concentration is higher than the percolation threshold, which is 33%, in those 
samples, fillers form thoroughly connecting paths and the current selects the 
shortest one to flow through. It is evident that in composites with higher filler 
concentrations, a short conduction path is more likely to form, which means a 
lower switching field. The conduction paths become more and more straightfor- 
ward from the 39% to 47% samples. As a result, the switching field decreases with 
filler concentration. 

The nonlinear V—J characteristics of ZnO microvaristor/silicone rubber com- 
posites with different filler concentrations are shown in Figure 1.16 [117]. For 
the samples with filler volume concentrations of 39%, 43%, and 47%, the break- 
down electric fields are almost the same and they decrease with increase in filler 
concentration. Samples with the above three filler concentrations present typ- 
ical nonlinear behavior and can be attributed to the fully percolated case. For 
the 35% sample, the switching field is even higher and it exhibits the breakdown 
feature. This is a sign of approaching percolation. The switching field E, and the 
nonlinear coefficient a are in the range from 330 to 826 V mm™!, and from 10.2 to 
17.5, respectively, with the filler’s diameter ranging from 50 to 150 pm. Simulation 
results show good agreement with experimental ones. 

ZnO microvaristor-filled related polymers, such as ZnO-epoxy [121], 
ZnO-LDPE (low-density polyethylene) [122], ZnO-LLDPE (linear low-density 
polyethylene) [118], and ZnO-polyester [107], were reported to possess dif- 
ferent nonlinear characteristics with switching fields in the range of about 
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Figure 1.16 Nonlinear V-I characteristics of ZnO microvaristor composites with filler 
concentrations of 35%, 39%, 43%, and 47% [117]. Source: https://creativecommons.org/ 
licenses/by/4.0/. 
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Figure 1.17 Behavior of microvaristors in an epoxy resin by field application. The 
microvaristor content is 20 wt%, and the applied field is 450 V,m, mm. (a) Before field 
application; (b) 9 seconds after field application; (c) 65 seconds after field application. Source: 
Ishibe et al. 2014 [123]. Reproduced with permission of IEEE. 


300-1000 V mm™! and nonlinearity above 9. The difference is mainly due to the 
nature of the grain parameters such as grain size and preparing formula inside 
each microvaristor. Even so, all of the above ZnO composites present a similar 
pattern that the nonlinear conducting behavior varies with filler concentration. 
The switching field decreases with incremental filler concentration above the 
percolation threshold while the nonlinear coefticient remains stable. Under the 
threshold, the composites can hardly exhibit nonlinearity. 

The chains of microvaristors in composite varistors were formed by applying 
an electric field during the curing process; these chains work as current paths, 
as shown in Figure 1.17 [123]. This kind of composite varistor shows superior 
nonlinear voltage—current characteristics despite small microvaristor content. 

Besides good overvoltage protection effect, the polymer blended with 
microvaristor filler can function as field grading material (FGM) due to its 
excellent nonlinear J-E characteristics. It possesses field-dependent electrical 
parameters, and is thus widely used for stress control and field grading in all 
fields of electrical insulations [120, 121]. 
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Conduction Mechanisms of ZnO Varistors 


The conduction mechanism is the fundamental to study the electrical 
characteristics of ZnO varistors. First, a concise introduction to the basic 
concepts of solid-state physics is presented to provide knowledge of the energy 
band structure of solids with periodic structures. The energy band structure 
of an individual grain boundary in the ZnO varistor as the double-Schottky 
barrier (DSB) is introduced, with its origin as the native donor complex defects 
in depletion layers providing electrons to the acceptor defects that form the 
interfacial state such that the energy bands bend upward near the interface. 
Secondly, the conduction mechanism in the ZnO varistor for the charge carriers 
across the DSB based on the thermionic emission process further incorporating 
the effect of minor carrier (hole) generation and “feedback” is introduced. Grain 
boundary model is introduced, which is also the basic unit for simulation when 
considering the multigrain effect of the varistor bulk. At last, the dielectric 
responses in ZnO varistor are given a glance, based on which the grain boundary 
parameters can be effectively estimated with the aid of appropriate frequency 
domain techniques. The relaxation effect of the grain boundary has a consid- 
erable effect on the response of the ZnO varistor to time-varying signals. The 
effect of relaxation process of the interfacial charge results in a phase shift of 
conduction current in advance of the applied voltage. 


2.1 Introduction 


After the first report on the excellent nonlinear J-V property of a ZnO-based 
varistor by Matsuoka in 1971 [1], researchers around the world were eager to 
explain where such a nonlinearity was resulted. Much effort has been made in 
the past several decades focusing on the conduction mechanism issue in a ZnO 
varistor [2-32]. Among the numerous conduction models proposed by different 
research groups (compiled in the list of Table 2.1) [1-19], the one presented by 
Pike [13, 15] and further developed by Blatter and Greuter [16-18] is widely rec- 
ognized and may meet most of the experimental phenomena. Essentially, it is 
generally believed that the nonlinear J-V characteristic of the ZnO varistor is 
caused by the charge carriers transporting across the DSB formed at the grain 
boundary. 
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Table 2.1 Theories on the ZnO varistor grain boundary microstructure model and conduction 


mechanism. 
Conduction mechanism 
Publication Interface Barrier variation Prebreakdown Breakdown 
year Author model mechanism region region 
1971 Matsuoka Thick Space 
insulating charge- 
layer with limited 
traps currents 
1975 Levinson Single- Schottky Fowler— 
and Philipp barrier emission Nordheim 
basing on tunneling 
energy 
band 
1975 Levine DSB model Interface Schottky 
states filled emission 
up 
1976 Morris DSB model Schottky Field 
emission emission 
(electron 
tunnel- 
ing) 
1976 Bernasconi DSB model Left barrier Zener 
vanishes tunneling 
1977 Emtage DSB model Insulating Electrons 
layer traps diffusion 
filled up 
1978 Eda DSB model Schottky Field 
1982 bypass emission emission 
effect (electron 
tunnel- 
ing) 
1978 Einzinger DSB model 
1979 Hoover and DSB model Right barrier 
Gupta vanishes 
Two-step transport 
Schottky emission—low 
voltage electron 
tunneling emission-high 
1979 Mahan DSB model Surface state voltage 
be filled to 
make holes 
1979 Pike DSB model Surface state Schottky emission 
1982 be filled to 
make holes 
1986 Blatter and DSB model Surface state Schottky emission 
Greuter be filled to 


make holes 


2.2 Basic Concepts in Solid-State Physics 


Actually, the DSB also plays a critical role in various electroceramics other than 
the ZnO varistor, such as BaTiO}, SrTiO;, and so forth [19, 20], responsible for 
their unique properties for commercial applications. Thus, it is of significance 
and profound influence for a reader to understand the basic conduction mech- 
anisms where the DSB involves. In this chapter, we will first describe the energy 
band diagram of a typical grain boundary where DSB is formed, present a brief 
introduction of the ideal Pike conduction model, the dielectric behavior of the 
varistor, and finally the practical bypass effect model that is useful for numerical 
simulations. Here, we will not bother to review the full development history of 
various conduction models and to compare their advantages or shortcomings, 
which is indeed tedious. Instead, we just give the description of the most per- 
vasive mechanism of conduction that we expect the reader to fully interpret as 
it constitutes the theoretical foundation of the whole book. Besides, we spend 
a small amount of space discussing the microscopic origins of the electrostatic 
potential barrier, i.e. the DSB, for those are the underlying basis of DSB and are 
crucial when dealing with issues such as the degradation of DSB. 


2.2 Basic Concepts in Solid-State Physics 


As the potential readers of this book include engineers who may not dip into the 
quantum physics or more specifically the solid-state physics as those majoring in 
physics or material sciences do, a concise introduction to the basic concepts of 
solid-state physics is necessary and presented here, striving to make the energy 
band structure of a solid with the periodic structure appreciated. More details of 
mathematical derivations of various physical mechanisms are directed to com- 
mon textbooks of the general college physics and the solid physics. 


2.2.1 Atomic Energy Level and Energy Band of Crystal 


According to the quantum physics, each electron in the atom, under the effect 
of the potential field of nucleus and of other electrons, locates itself in different 
energy levels, forming the so-called electron shells. These distinct shells are sym- 
bolized as 1s, 2s, 2p, 3s, 3p, 3d, 4s, and so forth with each one corresponding 
to a definite energy. When atoms approach each other to form the crystal, the 
inner and outer electron shells of various atoms overlap to a certain degree; the 
outer shells of adjacent atoms have a relatively large degree overlapping, whereas 
the case for the inner shells is quite limited. In crystal, electrons are no longer 
confined to a single atom because of the overlapping of shells while they may 
transfer to neighboring atoms; thus, electrons can move in the whole crystal. Such 
a phenomenon is termed as electron sharing. It should be further noted that the 
electrons can only transfer themselves between similar electron shells because 
the electrons in similar shells of different atoms share identical energies. Electron 
sharing is caused by the overlapping of similar shells among distinct atoms, e.g. 
the overlapping of 2p electron shells or 3s shells, as shown in Figure 2.1. Because 
different shells enjoy varying degrees of electron sharing, only that of outermost 
shell electrons is prominent. 
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Figure 2.1 The electron sharing of atomic shells. 
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Figure 2.2 The splitting of energy level. (a) The energy levels of an isolated atom; (b) the 
splitting of energy levels of eight atoms. 


Then, the energy of electron in a crystal when the electron-sharing effect is 
taken into account should be discussed. Exemplified by two atoms, when they 
are farther apart as two isolated atoms, the atomic energy levels can be presented 
as Figure 2.2a, and each energy level corresponds to two energy states and is 
doubly degenerated (regardless of the degeneracy of the atom itself). When two 
atoms approach each other, electrons are not only under the effect of the poten- 
tial field of atom where they reside but also influenced by the potential field of 
the other atom. Then, each doubly degenerated energy level splits into two lev- 
els close together; the closer the two atoms are, the more severe is the degree 
of splitting. Figure 2.2b describes the case when eight atoms come closer; each 
energy level splits into eight levels closely located. When two atoms approach 
each other, the electrons in certain energy level get to locate themselves sepa- 
rately in the newly split two energy levels and are then shared by the two atoms 
instead of belonging to some single atoms. Besides, the number of split energy 
levels should include the degeneracy of the atom, e.g. the 2s energy level can split 
into two levels, whereas the 2p energy level is itself triply degenerated and can 
split into six energy levels. 

When considering the crystal constituting of N atoms, per cubic centimeters 
of volume contains 107-1073 atoms, rendering the N an astronomical figure. 
Presuming that N atoms are far apart, the energy levels of each atom are exactly 
identical to those of the isolated atoms and are N dimensionally degenerated 
(temporarily disregard the degeneracy of the atom). When the N atoms come 
closer to form the crystal, each electron is affected by the potential fields 
of the surrounding atoms, resulting in the splitting of each energy level of 
N-dimensional degeneracy into N energy levels, which are close to each other 
and constitute an energy band. Then, the electrons no longer belong to single 
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Figure 2.3 The splitting of atomic energy level and the formation of energy band. 


atoms but instead are shared. Every newly split energy band is termed as allowed 
band, whereas the blank space between the allowed bands without the existence 
of energy band is called the forbidden band. Figure 2.3 presents the splitting of 
atomic energy level into the formation of energy band. 

The electrons of inner shells are of low energy and weak electron sharing; thus, 
their splitting is unconspicuous, and the resulted energy band is correspondingly 
narrow. On the contrary, the outer shell electrons own high energy and enjoy 
prominent electron sharing. Especially, the valence electrons, behaving like free 
electrons (thus usually termed as “quasi-free electrons”), enjoy severe splitting, 
and the corresponding energy band is relatively broad. Figure 2.3 also demon- 
strates such a “narrow-broad” comparison. 

The number of energy levels contained in an energy band is closely related 
to the degeneracy of the energy level in an isolated atom, e.g. the s energy 
band has no degeneracy (not accounting the spin), and thus, it may split into N 
energy levels closely located to form the band when N atoms come to constitute 
the crystal, whereas the p energy band is triply degenerated, and the resulting 
energy band owns 3N split energy levels. In an actual crystalline solid, as the 
N is astronomical and split energies locate themselves closely, the energy levels 
in each energy band can be considered as continuous (sometimes termed as 
“quasi-continuous”). However, it should be noted that the relationships between 
the energy bands in numerous actual crystalline solids and atomic energy levels 
are more complicated than the above simple ones, and details are directed 
elsewhere [21, 22]. 


2.2.2 Metal, Semiconductor, and Insulator 


Solids can be generally classified into conductor, semiconductor, and insulator 
according to their conductivities, which can be interpreted on the basis of energy 
band structure. 

The conductivity of the solid results from the directional movement of elec- 
trons inside the solid under the effect of applied electric field, as the electric field 
force can accelerate the electrons, altering their velocities and energies. In other 
words, electrons can have their energies exchanged with the exterior electric field. 
From the perspective of energy band theory, the variation of electron energy 
corresponds to the transition from one energy level to the other. For the filled 
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Figure 2.4 The energy band diagrams of insulator, semiconductor, and conductor. 


band that is fully occupied, the electrons inside can make no contribution to the 
conduction under externally applied electric field. This indicates that the inner 
shell electrons in an atom usually fill the energy levels forming the full-filled band 
and thus do not participate in the conduction process. For these partially filled 
bands, electrons can transit to unoccupied energy levels by absorbing the energy 
provided by the applied electric field and thus contribute to the occurrence of 
current and conduction. Such bands playing roles in conduction are termed as 
conduction bands. In metals, the band occupied by valence electrons is partially 
filled, as shown in Figure 2.4, and renders the metal a perfect conductor. 

Insulator and semiconductor have quite a similar energy band structure as 
shown in Figure 2.4, ie. the empty conduction band above (conduction band) 
and the full-filled band below (termed as valence band)! are separated by the 
forbidden band (usually called band gap). With such energy band structures, they 
are not conductive under an applied electric field. However, this is the limiting 
case at 0 K (thermodynamic temperature). When the external conditions vary, 
e.g. with the temperature rising or light, less number of electrons can be excited 
to the above empty band edge to participate in the conduction. Simultaneously, 
because of the excitation of electrons, same amount of holes are left behind in 
the top of the valence band, which can also contribute to the conduction. The 
participations of both electron and hole are the significant difference between 
the semiconductor and metal. Because of the large band gap in the insulator 
(5-7 eV), the excitation of electrons requires enormous energy, and electrons 
excited to the conduction band at room temperature are rarely rendering the 
insulator poorly conductive. Comparatively, the band gap in the semiconductor 
is small (around 1 eV), and a few of electrons can be excited at room temperature, 
leading to the conduction ability of the semiconductor. It should be noted that 
even the band gap of zinc oxide is 3.34 eV, ZnO still presents the semiconductor 
feature, which is ascribed to the (intrinsic or extrinsic) defects inside the ZnO 
crystals resulting in the n-type conduction. 


1 Other full-filled bands occupied by inner shell electrons below the valence band are omitted in 
Figure 2.4 for simplicity. 
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2.2.3 Characteristics of Fermi-Dirac Function 


As stated above, the energy band theory is a single-electron approximation, i.e. 
the motion of each electron is considered as independent approximately and has 
a series of defined eigenstates [21]. The macrostate of such a system described 
by single-electron approximation can be characterized by the statistical distribu- 
tion of the electron in these eigenstates. For the equilibrium state of the system, 
the Fermi statistics adopted is based on the Fermi—Dirac statistical distribution 
function: 

1 
where E is the energy level, Ep is the Fermi energy level (or the chemical potential), 
kg is the Boltzmann constant, and T is the temperature. This function directly 
gives the possibility of occupation of an eigenstate with energy E by electron. The 
Fermi-—Dirac function has special properties, as shown in Figure 2.5: 


T=0K E> Ep F(E)=0 
E < Ep F(E)=1 
T>0K E>E, FŒE)x0 
E<« E; FŒ) x1 


F(E)= (2.1) 
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Figure 2.5 The Fermi-Dirac function F(E), energy-state density D(E), and the distribution of 
populated electron number N(E). Source: Busch and Schade 2013 [21]. Redrawn with 
permission from Elsevier. 
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where Epo is the Fermi energy level at 0 K. As shown in Figure 2.5, with the aid of 
Fermi-Dirac function, the number of electrons N(E) populated between energy 
level E and E + dE can be derived: 


N(E)dE = 2D(E)E(E)dE (2.2) 


where D(E) is the distribution of energy state density and the constant 2 comes 
from the Pauli exclusion principle. Moreover, in n-type semiconductor, the Fermi 
energy level locates itself in the band gap near the bottom of the conduction band 
according to Eq. (2.1), whereas in the p-type semiconductor, the Fermi level is 
above and close to the top of valence band. 


2.2.4 Impurity and Defect Energy Level 


In actual crystalline solid, the strictly periodic structure is generally not satisfied 
because of the following factors: firstly, the atoms are not static at the sites of crys- 
tal lattice, whereas they vibrate around their equilibrium positions; secondly, the 
crystal is not pure and usually contains a quantity of impurities (unintentionally 
or intentionally doped); thirdly, the actual crystal lattice is not intact because of 
the existence of numerous defects (point, line, or plane defects). 

It is found that even a trace amount of impurity or defect can impose decisive 
effect on the chemical and physical properties of the semiconductor because they 
can disturb the periodic potential field generated by the periodic repeated array 
of atoms and introduce new energy states (levels) into the forbidden band. 

Throughout this book, we mainly center the discussion on the role of atomic 
defects (the impurity atoms and point defects are both included in this category), 
although the grain boundary (plane defect) is inevitably discussed. The defects 
release the electrons to participate in the conduction and form positive centers 
when ionized and are termed as donor defects or n-type defects. The donor 
defects are neutral when unionized, whereas become positively charged after 
ionization. Conversely, the acceptor defects or p-type defects provide holes 
and form negative centers when ionized. In addition, they are neutral when 
unionized and become negatively charged after ionization. From the perspective 
of energy band theory, the donor or acceptor defects can introduce the cor- 
responding energy level in the band gap near the conduction band or valence 
band, respectively, and offer electrons or holes to the allowed band as shown in 
Figure 2.6. Moreover, the atomic defects can exist in the crystal as vacancies, 


Figure 2.6 (a) The energy level and ionization of donor defects; (b) the energy level and 
ionization of acceptor defects, in which the conduction band minimum (E,), valence band 
maximum (E,), and band gap (E,) are given; E, and E, are the energy levels of donor and 
acceptor defects. Source: Busch and Schade 2013 [21]. Redrawn with permission from Elsevier. 
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interstitials, substitutions, and antisites, which the reader will get familiar with 
by concrete examples presented in the following chapters. 


2.3 Energy Band Structure of a ZnO Varistor 


ZnO varistor as a polycrystalline electroceramic is mainly composed of grains, 
grain boundaries, particles, and pores, among which the electrically active grain 
boundaries endow the ZnO varistor with excellent nonlinear electrical properties 
and act as the dominant role in conduction. Based on the energy band theory dis- 
cussed previously, the energy band structure of an individual grain boundary in 
the ZnO varistor, i.e. the DSB configuration, is presented below that constitutes 
the theoretical foundation for the charge carrier transportation across the bound- 
ary and the general conduction mechanism of polycrystalline electroceramics. 


2.3.1 Energy Band Structure of a ZnO Grain 


For wurtzite ZnO with a direct band gap of 3.37 eV at room temperature, its 
energy band structure is as follows: the lowest energy level of the valence band 
is composed of O 2s orbital, whereas the higher ones in the valence band are 
mainly blended by the O 2p, Zn 4s, and Zn 4p orbitals, and the lowest and highest 
energy levels inside the conduction band are primarily constituted by the Zn 4s 
and Zn 4p orbitals, respectively [23]. Besides, defects and local perturbations may 
introduce energy levels to the forbidden band. Figure 2.7 describes the simplified 
energy band diagram of ZnO (grain), regardless of those defect levels in which 
the conduction band minimum (E£,), valence band maximum (E,), band gap (E,), 
and the Fermi level (Ep) are given. 

As stated previously, the pure zinc oxide is itself an n-type semiconductor, 
provided its wide band gap is much larger than that of average semiconductors 
(~1 eV). This originates from the effect of defects. The intrinsic defects [24] in 
ZnO include the interstitials (Zn,, O,), the vacancies (Vz,,, Vo), and the antisites 
(Zng, Ozn), among which Zn;, Vo, and Zng are donor defects, whereas O;, Vz,,; 
and Oz, are acceptor defects. Thereinto, Zn; and Vo are long believed to be the 
origin of n-type conduction although this point is in dispute. Besides uninten- 
tionally doped defects, e.g., hydrogen may play a leading role in the as-grown 
ZnO as shallow donors. 


Figure 2.7 The energy band diagram 
of pure ZnO crystal. 
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2.3.2 DSB of a ZnO Varistor 


The essential concept underlying varistor action is that the J-V characteristics 
are dominated by the electrostatic barrier, i.e. the DSB, formed along the grain 
boundary. Therefore, the formation of the electrostatic barrier is narrated here 
based on the treatment proposed by Pike and Seager [15] as joining together two 
identical semiconducting grains with an infinitely thin layer of grain boundary 
materials as shown in Figure 2.8a [25]. When these three components are com- 
ing into contact to form an individual grain boundary structure, electrons flow 
until the Fermi level is the same everywhere in order to achieve thermodynamic 
equilibrium. As the Fermi level of the n-type semiconducting grain is higher than 
the sandwiched boundary material, electrons flow from the grain to the grain 
boundary, where they are trapped by the defects and dopants, to increase the 
local Fermi level until it is the same throughout the structure. At equilibrium, the 
trapped electrons act as the negative sheet charge at the boundary, leaving behind 
a layer of positively charged donor sites on either side of the boundary (termed as 
the depletion layer) that render the energy bands of grains bending upward near 
the boundary and thus create an electrostatic field with a barrier at the boundary, 
which is termed as the DSB as shown in Figure 2.8b [25]. 

Assuming the ZnO grain surface is a unit area, the positive charge in the two 
depletion layers is 


Qa = eNgd (2.3) 


where e is the electron charge and N4 is the donor density. Thus, the interface 
charge Q; is determined by 


Q; = 2Qy = 2eNgd (2.4) 
The interface Q; can be expressed by interface states N,: 
Q=eN, (2.5) 


From Eqs. (2.4) and (2.5), N,=2N,d; thus, the depletion layer width is 
d = N,/2N;. The height of Schottky barrier @, could be obtained by solving 


bo + + 
+ i 
Grain boundary m+ +3 E, 
el ee Ep 
TES Ja 
a O A 


(a) (b) 


Figure 2.8 The energy band diagram of individual grain boundary in the ZnO varistor (a) 
before contact; (b) when joined. E,, is the Fermi level of grain boundary material, and d is the 
depletion width of either side. Source: Clarke 1999 [25]. Redrawn with permission from John 
Wiley & Sons. 
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Poisson's equation: 
P(x) _ eN; 


2.6 
Ox? £0€ 6) 


In Eq. (2.6), we adopt the convention e = |e| such that the potential energy of 
an electron is simply ep(x). Solve the equation and set the boundary conditions 
as $(x)|,-¢ = 9, wa a 0. For a boundary, the charge can be represented by 
a sheet of trapped charge of areal density, n, From the solution of the Poisson 
equation, two important parameters result: the barrier height, ġ,, and the width, 
d, of the depletion layer. And then, the Schottky barrier height when no external 
voltage is applied is given as follows: 
eNd eN2 
QE, = 8E0£,Na 
Aside from the shallow donor that we discuss alone as in Figure 2.8, other 
unfully occupied deep donor can also make contributions to the formation of 
DSB and can participate in the conduction and dielectric response of the ZnO 
varistor with similar and straightforward treatment that can be found in Ref. 


[17]. However, throughout this chapter, we only focus on the discussing the 
shallow donor species. 


dp = Pla = (2.7) 


2.3.3 Microscopic Origin of DSB 


Even it is generally recognized that the electrostatic potential barrier is based on 
the presence of the acceptor-like grain boundary states that are trapping elec- 
trons, the microscopic origins of the DSB have not been positively identified, 
although various models have been proposed so far, e.g. intergranular layers [1], 
segregations of additives [26, 27], thin disordered layer [11], oxygen excess defects 
such as chemisorbed oxygen or excess amount of oxygen [28, 29], native defects 
such as Vz, and O; [30, 31], and complex of additives and native defects [32, 33]. 

Bismuth or praseodymium is the critical additive as the DSB activator that 
is frequently doped during the sintering of ZnO varistors, among which those 
doped Bi atoms could appear either as isolated atoms decorating the ZnO grain 
boundaries or as a thin amorphous Bi,O, layer (typical thickness as 0.6-1.5nm 
[17, 34]) depending on the cooling process [25, 35]. It has been debated in the 
literature which of these two types of Bi configurations give rise to the most pro- 
nounced nonlinearity [35]. Investigation on the Bi-decorated configuration by 
modeling contaminated coincidence site lattice (CSL) grain boundary has made 
profound achievements. It is reported that the Bi atom, because of size mismatch, 
usually substitutes at the Zn site (Biz,,) at the grain boundary, which actually acts 
as the donor defect without creating acceptor states inside band gap [32]. The 
presence of Biz,, at the grain boundary could significantly promote the formation 
of native defects, V7, and O; in particular. Flat semioccupied states just above 
the valence band edge and across the Fermi level Ep are presented when either 
Biz, + Vz, or Biz, + O; complex defect is formed [36]. 

Moreover, when the complex defect Biz,+Vz,+O; is presented at the 
grain boundary, an unoccupied acceptor state with more dispersion could be 
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additionally produced [36], as shown in Figure 2.9, and such a complex defect has 
a comparatively very small segregation energy that there is a significant driving 
force for the individual Biza» Vzn and O; to accumulate in grain boundary [32]. 
This indicates that the inclusion of complex defect Biz, + Vz, +O, could endow 
the grain boundary core with a prominent p-type character. When joining the 
grain boundary region to the surrounding bulk ZnO crystals that are naturally 


(b) E- E, (eV) 


Figure 2.9 (a) £13 CSL tilt boundary containing the Biz, + Vz, + O; complex. The structure is 
viewed down the [0001] tilt axis with the atoms in the zigzag chain of 10-atom rings 
highlighted. (b) Projected density of states (PDOS) for individual atoms mapped as a function 
of distance z normal to the boundary. The solid line indicates the Fermi level, and CB denotes 
the conduction band edge. The arrow-labeled “complex” shows the position of the acceptor 
state in the band gap. Source: Carlsson et al. 2003 [32]. Reproduced with permission of APS. 
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n-type, the boundary acceptor states will capture the excess electrons provided 
by ZnO bulks nearby, and a grain boundary electrostatic potential barrier will 
be formed. Compared to the Bi-decorated grain boundary, the case where 
Bi,O, amorphous layer involves is seldom simulated because of the difficulty 
in modeling. A limited number of investigations also demonstrate the critical 
role of native defects, i.e. the inclusion of Vz, could turn the inactive metallic 
amorphous film into an electrical active grain boundary (promote the formation 
of acceptor states localized to the boundary core) [34]. 

In addition, discussion must be made on the excess oxygen that is vital for the 
occurrence and stabilization of p-type character of the grain boundary region, 
either for the Bi-decorated boundary or the amorphous layer case. For the for- 
mer case, the oxygen-rich environment could largely reduce the formation energy 
of and promote the formation of Biz, + Vz, +O; complex defect [32] by tun- 
ing the value of oxygen chemical potential appearing in the defect formation 
(Gibbs) energy [37], reflecting the reservoirs for atoms that involved in creating 
the defect; although for the latter one, it can be viewed as the inclusion of Vz, 
defect into the supercell for simulation is equivalent to relieve the oxygen defi- 
ciency of the system [34] (this is also valid for the Bi-decorated boundary case); 
therefore, the Bi,O, intergranular layer in combination with no oxygen deficiency 
could eventually yield the electrical activity. 

It should be further noted that for Pr-doped ZnO varistors, the situation is quite 
similar. Pr itself is not a direct cause of electrostatic potential barriers, whereas 
Pr substitutes at the Zn site of the grain boundary, acting as the donor defect, and 
plays an important role to promote the formation of acceptor-like native defects 
[20, 38], i.e. Vz,, and O;, among which Vz, is considered as the dominant acceptor 
species owing to its lower calculated formation energy. 


2.3.4 Asymmetric l-V Characteristics of the DSB 


The asymmetric J-V characteristics were observed from the measurements of 
individual grain boundaries between the Bi-rich phases and the ZnO grains 
[39-42]; with breakdowns at 3.2 V for one polarity of the applied voltage, in 
the reverse direction, the breakdown at 0.4, 0.6, and 0.9V depended on the 
particular polymorph of the intergranular Bi,O, [39, 43]. It was thought that the 
asymmetry was due to the intergranular difference in chemical composition, 
distribution of chemisorbed oxygen, and grain boundary microstructure [44]. 
Einzinger [41] thought that the asymmetry may be easy to understand because 
the Fermi energy levels in the two phases are different. However, these simple 
explanations are not comprehensive yet until recently the effect of ZnO polarity 
draws attention for the polarity dependence of the asymmetric I-V behavior 
found in testing quasi-bicrystal with an interfacial glass layer [45]. In these 
quasi-bicrystals, i.e. artificial grain boundary structures, asymmetry could be 
surprisingly large, e.g. electrical nonlinearity of forward direction may be 10 
times larger than that of reverse direction. 

Cheng et al. [46] further proposed that the polarity (spontaneous polarization) 
of ZnO materials may play a leading role for the occurrence of asymmetry. Owing 
to its polarity structure, the wurtzite-type ZnO has two kinds of (0001) surfaces, 
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both of which are polar face. The O-terminated surface is often denoted as (0001) 
and the Zn-terminated surface as (0001). When the two ZnO crystals and the 
dopant layer are isolated as shown in Figure 2.10a, the energy bands of ZnO bend 
upward near the Zn-polar face and downward near the O-polar face. This results 
from the spontaneous polarization of n-type ZnO. When all the components are 
joined as shown in Figure 2.10b, the electrons flow from ZnO to the dopant layer. 
It is because the Fermi level of the n-type ZnO is higher than that of the dopant 
layer. Electrons are trapped in the dopant layer to make the Fermi levels of ZnO 
single crystals and dopant layer equal and to build a back-to-back DSB. How- 
ever, the DSB here is a naturally asymmetrical one. The barrier of the Zn-polar 
face oz, is higher than that of the O-polar face po. Moreover, the bound negative 
sheet charge —Q,, and the positive one +Q,, arise from the spontaneous polar- 
ization of ZnO. Some kinds of metal ions, attracted by the Coulomb force of —Q,,, 
may migrate and deviate to the Zn-polar face side from their original positions 
during the liquid-phase sintering process, which results in asymmetrical element 
distribution in the grain boundary region. These ions could act as acceptor-like 
grain boundary states or promote the formation of acceptor-like native defects 


ZnO single crystal Dopant layer ZnO single crystal 
+Qsp 
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+ 
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Figure 2.10 Energy band diagram of bicrystal. (a) When two ZnO single crystals and the 
dopant layer are isolated: E, conduction band of ZnO single crystal; E,, Fermi level of ZnO 
single crystal; Ego, Fermi level of dopant layer; Q bound sheet charge. (b) When all the 
components in (a) are joined: E_, conduction band of ZnO single crystal; E,, Fermi level of 
bicrystal. Source: Cheng et al. 2012 [46]. Reproduced with permission of AIP. 
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such as Zn vacancy (V;,,) [38] for obtaining a higher barrier at the Zn-polar face. 
Conversely, the bound positive sheet charge +Q,,, repels the dopant ions nearby. 
Nonmetallic ions, such as O, may also be attracted or repelled. Other boundary 
cases where the nonpolar face involves, i.e. no spontaneous polarization effect 
and has a flat energy band near the nonpolar face, are straightforward. Such an 
asymmetrical model can be extended to well explain various asymmetrical phe- 
nomena observed experimentally [45, 46]. 

Actually, such an asymmetry of individual grain boundary contributes to asym- 
metrical J-V characteristic observations on disk varistor samples from batch to 
batch in laboratory, or even on the large-size surge arresters for power system. 
However, it should be noted that, with the increase of varistor size, such an asym- 
metry seems to be alleviated as the varistor is made up by an immense number 
of grain boundaries with varying characteristics. 


2.4 Conduction Mechanism of a ZnO Varistor 


As shown in Table 2.1, before 1980s, the conduction mechanisms in the pre- 
breakdown region and the breakdown region were different. Usually, Schottky 
emission was used to explain the conduction mechanism in the prebreakdown 
region, and the field emission or the electron-tunneling effect was used for the 
breakdown region. 

Actually, the basic conduction model of thermionic emission process across the 
DSB can adequately describe certain features of ZnO varistors in the prebreak- 
down, breakdown, and upturn regions as shown in Figure 2.11. However, this can- 
not account for the experimentally observed very large nonlinearities exhibited 
by varistor at small voltage per grain boundary, the breakdown voltage being 
above the band gap of ZnO [25], and so forth. Thus, the basic thermionic emission 
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Figure 2.11 The characteristic electric field-current density response of a typical ZnO varistor. 
Source: Clarke 1999 [25]. Redrawn with permission from John Wiley & Sons. 
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model is further enhanced by Pike [13-15] for including the minority carrier gen- 
eration process by “hot” electrons in the depletion layer. Here, the complete but 
simplified picture of the conduction model of ZnO varistor is correspondingly 
presented as two components, and more details of theoretical derivations can be 
found elsewhere [13, 17]. 


2.4.1 Conduction Model Based on Thermionic Emission Process 


When a DC voltage V is applied across the grain boundary, the energy band 
structure of the individual grain boundary is deformed accordingly as shown 
in Figure 2.12 [25], and the current flows through the grain boundary by the 
thermionic emission mechanism. Simultaneously, additional electrons can be 
trapped at the grain boundary, and a dynamic flow of trapped charges exists 
between the grain and the grain boundary. 

As shown in Figure 2.13, a net charge Q; accumulates on the two-dimensional 
interface; one shallow donor (energy Eo, density No, and distribution peak value 
Nj) and several deep bulk traps (E,, N,, Ny, v > 1) are assumed for the grains; dy, 
and d, are the edges of boundaries, without spillover from the free bulk carriers; 
e, and eç are the positions of the deep traps and the bulk Fermi level relative to the 
conduction band E,. The theoretical derivations of thermionic emission-assisted 
conduction process are exhaustively narrated as follows. The detailed derivations 
can be found in [19]. 

The charge distributions in the DSB region are according to Figure 2.13 [19]: 


a(x) =e È, NO% + dy) — Ol% — d,,)] — Q5(x) (2.8) 
v=0 
We just consider the interface-state density Ny, then Eq. (2.8) can be 
simplified as 


a(x) = eNglO(x + d) — Ox — d,)] - Q6@) (2.9) 


where ©(«) and 6(x) are Heaviside step function and Dirac function, and d, and 
d, are the widths of the left and right depletion layers, respectively. By imposing 


Figure 2.12 Effect of applied voltage on the 
band structure at a grain boundary. Source: 
Clarke 1999 [25]. Redrawn with permission from 
John Wiley & Sons. 
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Figure 2.13 The effect of applied voltage on the energy band deformation at a grain 
boundary. The right side is positively biased, whereas the left side is oppositely negative. 
Source: Greuter and Blatter 1990 [19]. Reproduced with permission of IOP. 


the boundary conditions ¢(—co) = @(—d,;) = 0 and (+00) = P(+d,) = -V on 
Poisson’s equation, the DSB configuration is obtained: 


eNa 
Ege 
eN; 


2EgE 


(w+ ay -d<x<0 
(2.10) 


(x-d,?-V O<x<d, 


In Eq. (2.10), the width dı and d, can be determined by the conditions (07) = 
$(0*) = gy and ¢ (07) — f (0*) = Q;/£0£, as: 


4-2 (:-). d,= (+3) (2.11) 
2eNq V, 2eNq V, 
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And the result of barrier height turns out to be quite simple: 


V. 2 
w-S(1-Z). V<v. (2.12) 


where the parameter V, is the critical voltage, V, = Q?/2€9€,eNy. When a voltage 
is applied, the barrier height lowers accordingly, and the height vanishes when 
V> Ve 

Then, the remaining free parameter in the barrier geometry is the voltage- 
dependent interfacial charge Q;. This is determined by the density of state (DOS) 
N(E) with respect to the valence band. The electron traps are filled up to the 
quasi-Fermi level Eş; of the interface: 


Q=e f N(E)f(E)dE (2.13) 
Ep 


where f;(E) is the Fermi-Dirac function as f;(E) = —. Various types of 
DOS functions [17] can be adopted in the discussion, among which the sim- 
plest but effective one is the Dirac-type distribution with single interface level 
as N(E) = N,6(E — Eşi). The integral in Eq. (2.13) proceeds from the Fermi level 
Ep, of neutral interface [15, 17]. For zero-biased condition, the Fermi level is con- 
stant throughout the individual grain boundary structure, i.e. Ep; = Ep, whereas 
for V > 0, the quasi-Fermi level at the interface is shifted with respect to the bulk 
Fermi level: 


AE; = Ep — E} = kT In (2.14) 


This shift is closely related to the detailed balance condition for the interface, i.e. 
number of electrons trapped and emitted by the interface must be equal [17]. An 
example of the calculated relationships of barrier height and interface charge ver- 
sus applied voltage is shown in Figure 2.14, where the DOS with single interface 
level is considered. 

The relationship between current density and externally applied voltage can be 
described as [17] 


yl bn exp[—(ep,(V) + Ec — Ep)/kg TIU — exp(—eV/kgT)] (2.15) 
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Figure 2.15 The effect of grain 
resistivity on the /-V characteristics. 8t | 
(a) Without considering grain 
resistivity; (b) considering the grain 
resistivity. 
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where A* is the Richardson constant. In effect, the voltage V employed above is 
the one across the barrier at the grain boundary, V, and if the resistances of the 
grains on both sides are further included, the current should be 


T= =V (2.16) 


where V, is the total voltage applied on the grains and grain boundary, p, is the 
resistivity of the grain, and /, is the geometry of the grain. The effect of grain 
resistivity on the J-V characteristics is demonstrated in Figure 2.15. 


2.4.2 Minority Carrier Generation Process 


This nonequilibrium process, i.e. the minority carrier generation by “hot” elec- 
tron in the depletion region, is demonstrated in Figure 2.16 [25]. Under a very 
high electric field, some of the electrons crossing the barrier have gained sufficient 
kinetic energy that they can produce minority carriers by influencing the ioniza- 
tion of the valence states and acceptor states within the depletion region. The 
minority carriers, i.e. holes, diffuse back to the grain boundary under the influ- 
ence of the electrostatic field at the boundary and compensate part of the trapped 
negative charge, lowering the potential barrier and thereby increasing the elec- 
tron flow across the barrier. This impact ionization “feedback” process provides 
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Figure 2.16 Energy band 
diagram for a varistor grain 
boundary under an applied 
voltage Vopr illustrating the 
process of interband impact 
Ppt eVo ionization and the generation of 
holes. ehermat refers to the 
thermionic emission and epot 
refers to hot electrons. Source: 


Adapted from Clarke 1999 [25]. 
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a high degree of nonlinearity in the electron transport across the grain boundary 
and results in very large nonlinearity coefficients as shown in Figure 2.17 [18]. 
A more detailed description of this process and the theory of varistor behavior 
incorporating minority carriers can be found in references presented by Blatter 
and colleagues [16, 18]. This minority carrier generation process has obtained 
experimental support as the observation of recombination band gap lumines- 
cence from the grain boundary regions by Pike et al. [47]; the electroluminescence 
phenomenon occurs when the applied voltage exceeds the breakdown field and 
that the luminescence intensity is proportional to the current squared. 

The above thermionic emission conduction model across the DSB incorpo- 
rating the effect of minority carriers has one obvious limitation that it merely 
attempts to account for the electron transport across an individual grain 
boundary. However, varistors are polycrystalline materials containing a huge 
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number of grains and grain boundaries, and each of the boundaries may have 
varying nonlinear characteristics. This necessarily leads to percolative flow of 
current through the varistor bulk [25]. Because varistors are also nonlinear, 
the voltage across an individual grain boundary is not linearly dependent on 
the voltage applied to the varistor as a whole. These multigrain effects and 
their consequences are discussed in the later chapter describing the Voronoi 
networks. 


2.4.3 The Bypass Effect Model 


Levinson and Philipp found that the current-voltage characteristics in ZnO 
varistors are influenced by leakage paths acting in parallel with the Schottky 
barrier-controlled current flow; the evidence for this hypothesis is derived from 
the observed low current action energy and leakage in “primitive” varistors 
containing only Bias an additive [46]. Actually, in addition to the DSB at the grain 
boundary that acts as the main nonlinear conduction channel, there are thicker 
phases between grains, which always have the high-resistance characteristics to 
form the low current leakage channels. Thus, when considering the multigrain 
effect in the simulation of properties of the whole varistor bulk, the DSB further 
incorporating the impact of thicker phases nearby should be regarded as a 
basic unit. Based on this, Eda has proposed the bypass effect model [8], which 
forms the basis for the numerical simulation on conduction mechanism of ZnO 
varistors and will be further introduced in Chapter 5. 


2.5 Dielectric Characteristics of a ZnO Varistor 


As the ZnO varistor is widely utilized in AC power transmission system as a surge 
arrester or in low-voltage power source as a surge protection device (SPD), it 
becomes necessary to gain a basic insight into the dielectric behaviors of ZnO 
varistor. We start our discussion with Maxwell’s equation when AC voltage with 
frequency f is applied on the varistor bulk: 


I= oE + 0D/at (2.17) 


where ox is the direct current conductivity and dD/dt is the displacement current. 
By taking the Fourier transform of both sides of Eq. (2.17), we obtain 


I(@) = Elw) + iwe(@)E(@) 
= n Elo) + iole (w) — ie ()E) (2.18) 
= [oo + we" (w) + iwe' (w)JE(@) 
where we define the frequency-dependent permittivity as e(@)=e" (w)-ie'(@) and 
æ is the angular frequency. It is significant to note that the real component of per- 
mittivity e' (œ) is in quadrature with the driving field and thus does not contribute 
to the power loss, which is the permittivity we may ordinarily refer to. Conversely, 


the imaginary component is in phase with the driving force, representing the 
power loss together with the conductivity, and thus is referred as dielectric loss. 


51 


52 


2 Conduction Mechanisms of ZnO Varistors 


It is critical for readers to realize that both the real and imaginary components 
of permittivity show dispersion phenomena, i.e. varying with frequency, whereas 
the single-valued dielectric permittivity that electrical engineers frequently used 
is the one measured at certain frequency point, for instance, 1 kHz, for e’(@). In 
effect, this dispersion is an essential property of all dielectric materials. 

With the aid of popular frequency domain techniques, for instance, the broad- 
band dielectric spectroscopy, it is convenient to obtain the variation spectrum 
of the complex permittivity (susceptibility, capacitance, admittance, etc.) with 
frequency, applied voltage, ambient temperature, and so forth. Then, it is essen- 
tial to decide the appropriate representation for fully exposing the information 
contained in the spectrum, for example, the basic plot of e’(@) or £" (œ) versus 
frequency, or the cole—cole plot [48] that is frequently used to estimate the grain 
and grain boundary impedances. Sincerely, we recommend the log-log represen- 
tation instead of semi-log or linear representations. 

In this section, we prefer to pay asymmetrical emphasis to the experimental 
characterization of the dielectric behavior in the ZnO varistor, for instance, the 
introduction of two experimental methods probing the underlying mechanisms 
in the ZnO varistor based on dielectric responses, while to spend certain space 
in describing the theoretical treatment of dielectric behavior in the ZnO varistor 
for a better understanding. 


2.5.1 Explanation to Dielectric Properties of a ZnO Varistor 


Blatter and his colleagues [18, 19] have investigated and calculated the steady- 
state and AC (small-signal) properties for the majority of carrier transport 
through a grain boundary with DSB. The AC small-signal capacitance is gov- 
erned by both the finite response time of the interface and the deep bulk traps. 
Three cases of DOS for interface were considered: single level (without deep bulk 
defects), Gaussian, and rectangular types [18]. The model with electron-hole 
recombination at the interface is used, where the barrier is dominated by the 
hole charge dynamics. 

They have found a negative small-signal capacitance at a large bias by calcula- 
tion. At a moderate bias, where the electron interface states play the dominant 
role, a lowering of the barrier is followed by an increased electron trapping, as 
empty electron traps are shifted below the Fermi level. This stabilizing charge 
accumulation lags behind in time, thereby giving rise to a capacitive component 
in the modulated over-barrier current. As the bias is increased, the interface 
states for the electrons are filled, and the stabilization effect dies away as the 
electron charge remains at its maximum value — the capacitance decreases. As 
the barrier is lowered further, holes are created in the depletion region and a 
positive interface charge is built up. A lowering of the barrier is followed by an 
increase in the hole production and therefore in the interface charge. The bar- 
rier is destabilized, and the capacitance goes in the opposite direction, shown in 
Figure 2.18a. The calculation result is confirmed with the relative experiment of 
the ZnO varistor. 

Blatter’s calculation can also describe the frequency dependence of the capac- 
itance, as shown in Figure 2.18b. At low frequencies, the time-delayed charging 
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Figure 2.18 (a) Theoretical capacitance variations with bias voltage per grain boundary, V „p, a 
continuous (Gaussian) interface density of states (DOS) was taken, and perfect relaxation 
among the electron traps were considered. The capacitance becomes negative at a bias V,,, of 
~3.3 V considerably lower than the voltage of ~3.6 V, needed to suppress the barrier. For 
comparison, the result for the same DOS, but treating the electrons at the interface as 
completely localized is shown as dashed lines. (b) Theoretical capacitance dependence of the 
frequency; the dashed lines are the comparison to the model with localized states. This is the 
simplest case of a single-level interface DOS for the electronic interface traps and no deep bulk 
defects. Source: Adapted from Blatter and Greuter 1986 [18]. 


and discharging of the interface produces a large capacitance, which disappears 
when the interface cannot follow the signal any longer. At high bias, the hole 
dynamics dominates and the capacitance turns to negative values. 

When deep bulk traps are further considered in the discussion, new resonance 
effects can be expected in the small-signal response of the grain boundary, owing 
to the finite response time of the deep states [17]. The presence of the deep bulk 
traps leads to a zero-bias dispersion in conductance and capacitance. On the 
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Figure 2.19 Capacitance C versus bias V, in the presence of deep bulk traps for a Gaussian 
DOS. Source: Blatter and Greuter 1986 [17]. Reproduced with permission of AIP. 


other hand, for moderate bias, the capacitance strongly depends on the relaxation 
properties of the interface. Therefore, the effects due to the deep bulk traps and 
the interface states can be well distinguished and separately analyzed through a 
study of G(œ, V, T) and C(a, V, T), respectively. 

Figure 2.19 is an illustration of the admittance for a grain boundary charac- 
terized by three deep bulk traps of moderate density and a Gaussian DOS for 
the interface [17]. At moderate frequencies, the curves are characterized by four 
well-separated resonances. The first, at lower bias values, is due to the interface. 
The three peaks at 4.5, 6.0, and 7.6 V indicate the neutralization of the deep traps 
as they disappear below the Fermi level. With the Fermi level parallels to the deep 
trap level, a lot of charge is dynamically captured and released at these bias values, 
leading to large peaks in the capacitance. As all deep traps are neutralized at high 
bias, the capacitance returns to its high-frequency value. Moreover, the interface 
resonance at moderate bias shows a strong dispersion. The interface relaxation 
time decreases with increasing bias. Therefore, the resonance shifts to higher bias 
values with increasing frequency. Because of the limit of length, more discussion 
and illustrations can be found in Ref. [17]. 


2.5.2 Effect of Interfacial Charge Relaxation on Conducting Behavior 
of ZnO Varistors Under Time-Varying Electric Fields 


The relaxation effect of the grain boundary has considerable effect on the 
response of ZnO varistor to time-varying signals [49, 50]. Blatter and Greuter 
(hereafter denoted as BG) introduced in Section 2.5.1 theoretically derived a 
nonlinear conducting model of ZnO grain boundaries under the DC voltage 
with a small AC signal, which reveals that the time delay process of interfacial 
charge leads to a capacitance effect [17, 18]. Recently, Yang et al. [51] proposed 
the conducting model of ZnO grain boundaries considering the relaxation 
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Figure 2.20 Simulated interfacial charge in steady state (Q,/Q,(0)) and in AC field 
(Relax_Q,/Q,(0)), and barrier height in steady state (,,) and in AC field (Relax_@,), and the time 
constant z in the AC field as a function of the applied bias V,., where Q,(0) is the interfacial 
charge when no bias is applied. Source: Yang et al. 2017 [51]. Reproduced with permission of 
AIP. 


process of the interfacial charge under pure AC fields; this model was validated 
by experimental results. 

In the model, the interfacial charge under steady-state Q; steaay can be calculated 
by Eq. (2.13). Based on BG's model, the @,(V) and Q;(V) curves are calculated and 
shown in Figure 2.20 as dashed lines, the increase in Q; partially compensates the 
reduction in #, and prevents it from a sharp decay. When all the interface states 
are filled, Q; becomes saturated and , decays rapidly. 

In time-dependent fields, the relationship between V4, and Q; is different as 
the filling-in of the interface state cannot be instantaneous, which means that 
a relaxation process of Q; exists and Q; lags behind V. The dynamic behavior 
of Q; depends on the charge emission current J „m and the charge trap current /,. 
Their expressions may be quite different under pure AC fields as V and Q; change 
considerably with time. As the variation of Q; is a process of interfacial charging, 
this complex process can be simplified into a charging process by a circuit model. 
The charging capacitance for the interface is C; = S/d, where £, S, and d are 
the permittivity, the cross section area, and the thickness of the grain boundary 
layer (about 10 nm [52]), respectively. The resistance in this charging circuit is the 
effective resistance of the Schottky barrier R.g = V/I = V4/(/S), where J is the 
current density that flows through the barrier. Thus, the time constant < for this 
charging process is tT = R.gC, = EV „/ Ud). Therefore, the relaxation process can 
be described by 


E = Qy steady — (Qisteaay — Q(t — Adyle™A/* (2.19) 


where Q;(t) is the momentary value of the interfacial charge under time- 
dependent fields and Q is the steady-state value corresponding to the 
momentary voltage. 


i-steady 
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To take into account the relaxation process, the responsive conduction cur- 
rent density of a single ZnO grain boundary under a 2.7 V AC voltage is shown 
in Figure 2.21a, where Jpasic is the current density calculated by the basic ver- 


sion of GB’s model and J 


relax iS the conduction current density calculated by the 


adapted equation considering the relaxation process. Figure 2.21a shows that the 
relaxation process leads to two main effects: 


(a) 


J (mA cm-?) 


(a) 


Jretax (MA cm-*) 


(b) 


Tretax is considerably higher than /,,,;. as the applied voltage V increases, but 
Tretax İS Close to Jy asic aS V decreases. This can be explained by the Q,(V), o,(V) 
curves under AC fields, shown in Figure 2.20 as solid lines, corresponding to 
the period of 0 < t < 0.005 s in Figure 2.21a. Figure 2.20 shows that the Q; and 
Q, lag behind the steady state because of the relaxation process. When V is 
low, t is relatively large, and Q; can hardly follow V. Thus, the discrepancy 
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Figure 2.21 (a) Calculated current density J,,.;. in the steady-state and conduction current 


J, 


relax 


under AC field; (b) calculated conduction current density under different applied 


voltages. Source: Yang et al. 2017 [51]. Reproduced with permission of AIP. 


2.5 Dielectric Characteristics of a ZnO Varistor 


between Q;(£) and Q; aay is large. When V is high enough, t becomes very 
small. Thus, Q; is almost synchronous to V and gradually keeps up with the 
steady state. In steady state, p, decays slowly at first because of the compen- 
sation effect of Q;. Under AC fields and when Q; cannot keep pace with V, its 
compensation effect is much weaker and ġ, decays rapidly with the increase 
in V. Thus, lower g, leads to a much higher /,,),, than Jpasice AS V decreases 
from peak to zero, t is initially very small and then gradually increases. Thus, 
Q; can almost follow V at first. Then, when Q; begins to lag behind, /,.,. 
becomes very small. Therefore, despite of the relaxation process, J peax Seems 
close to Jpasic aS V decreases. 

Figure 2.21a shows that the peak value of /,,,, shifts in advance of the applied 
voltage V because of the relaxation process. The reason is that when V nearly 
reaches its peak value, Q; is not saturated and keeps increasing, as shown in 
Figure 2.20. At this time, the effect of Q; overweighs the increase in V, which 
leads to the increase in #,. Therefore, Jeax reduces with the increase in p 
even before V reaches its peak value and /,,,,, exhibits a peak value in advance 
of the applied voltage. 


(b 


ae 


relax 


Both the above two effects result in a phase shift of the conduction current 
density in advance of the applied voltage, which gives rise to a capacitive effect. 
Figure 2.21b shows the calculated Jeax in half period under AC voltages with 
the amplitude from 1.6 to 2.7 V. When the amplitude is lower, J elay has even 
greater phase shift. This is because lower voltage means larger 7; thus, Q; lags 
more behind V. For instance, when the amplitude is 2.7 V, Q; can almost follow 
V and reach steady state when V is large enough, as shown in Figure 2.20; how- 
ever, when the amplitude is 1.6 V, the time delay of Q; is quite large even when V 
reaches its peak value. As mentioned above, the relaxation process of Q; results in 
a capacitive effect. The larger the time delay, the greater J shifts in advance of V. 
Thus, lower voltage amplitude in Figure 2.21b corresponds to larger phase shift 
of the conduction current. 

The capacitive current /,,,, can be easily separated from the total current, and 
an effective capacitance C.g(V) can be calculated by Eq. (2.20) with a hysteresis 
loop of Q(V) [53]: 


t 
Celt) = Q.¢(O)/ V6) = (/ ladr) /vo (2.20) 
0 


where Q.¢ is the total effective polarization charge in the material. Figure 2.22 
shows C(V)/C, curve of a ZnO varistor and the simulated result for a single 
grain boundary calculated by Eq. (2.20) [51]. Both the simulation and measured 
curves show that under pure AC fields, the capacitive effect of the conduction 
current makes the effective capacitance increase with the applied voltage [51]. 
Figure 2.22 also shows the C.q—V characteristics under the ramped DC voltage 
with small-signal AC bias and under the ramped pure AC voltage. The C.g—V 
characteristics under various voltage sources are different, which resulted from 
different effects of the relaxation process. 
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Figure 2.22 Measured effective capacitance C, of ZnO varistors as a function of the applied 
voltage V. ə curve was measured under DC voltages with small AC bias, V = 0.1-2.6 V(DC) + 
4.4 mV(AC); a curve was measured under ramped AC voltage; m single AC curve was measured 
under pure AC voltages and acquired by Eq. (2.20); — single AC curve was the simulated curve 
under pure AC voltage acquired by Eq. (2.20). Cy is the capacitance when no bias is applied, 
which is about 1.8 nF for the measurement result. Source: Yang et al. 2017 [51]. Reproduced 
with permission of AIP. 


This enhancement effect of the effective capacitance provides a reasonable 
explanation to the so-called nonlinear permittivity of field-grading materials 
reported in recent literatures [53-55]. 


2.5.3 Determination of Barrier Height and Related Parameters 


The well interpretation of the dielectric behavior in a ZnO varistor can directly 
contribute to the experimental determination of parameters of DSB, e.g. barrier 
height, donor density, density of interfacial state, and so forth, which in turn 
promotes the understanding in the underlying mechanism in a ZnO varistor. 
A classic C-V method was introduced by Mukae et al. [56], which simply and 
effectively determines the barrier height and related parameters among numer- 
ous proposed experimental ways [57] probing the barrier configurations. 
The capacitance per unit area of a grain boundary C is defined as [56] 


2 
E 2 
ae “ae men 


where 1/C, = 2\/2,/(e€ €,Nq). By the approximation that @, is invariant (not 
voltage-dependent) when applied d voltage V is small (that renders the varistor in 
the prebreakdown regime), plotting the left term versus the voltage V according 
to Eq. (2.21) should yield a straight line as shown in Figure 2.23. Density of donor 
N, and the barrier height @, can be estimated from the slop of the line and the 
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Figure 2.23 The example of (1/C — 0.5/C,) versus applied voltage plot. Source: Adapted 
from Mukae et al. 1979 [56] 


intercept of the line on the voltage axis. The density of interfacial states N, can 
also be derived according to Eq. (2.7). 

It should be noted that for contemporarily popular dielectric spectroscopy 
device that can tune the frequency and be used for the implementation of this 
C-V method, a comparatively small AC voltage is simultaneously applied on 
the sample in addition to the DC voltage, and the applied AC voltage is in the 
frequency range from 10 to 100 kHz [57] to ensure the effectiveness of method. 


2.5.4 Determination of Deep Donor Level in the ZnO Varistor 


Even the underlying mechanism of the occurrence of loss peaks in the imaginary 
dielectric permittivity spectrum is quite limited, we can still abstract useful infor- 
mation and relate it to the deep donor energy levels to characterize the potential 
origins of loss peak with the aid of broadband dielectric spectroscopy. Among 
numerous methods probing the origin of loss peak, we select and present tem- 
perature spectroscopy [58]. 

It is known that the relaxation time t, of a deep bulk donor is [19] 


e E, 
= = ja =L% 3 2.22 
m 2gA*T?c, aP (=) j a 


where A* denotes the effective Richardson constant, which is 30 A cm~? K? for 
ZnO; g is the spin degeneracy factor (usually equals to 0.5), and c, and E, are the 
capture cross section and energy level of the donor species below the conduction 
band edge, respectively [58]. As the relaxation time is temperature dependent, 
it is feasible to scan the relaxation time by varying the temperature at a fixed 
angular frequency of the applied field, œ. When the relaxation time is equal to 
the reciprocal of that angular frequency, a resonance in the conductance occurs, 
and a loss peak appears in the temperature spectrum accordingly [58]. Hence, 
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Figure 2.24 Temperature 
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Figure 2.25 Plots of In(@,/Tp?) versus 1/T,, for all the relaxation peaks observed in the sample. 
Source: Adapted from Alim et al. 2006 [58]. 


for each donor, a series of loss peaks will appear by measuring the admittance at 
various temperatures and frequencies, as demonstrated in Figure 2.24 [58]. 
From the spectrum, each peak temperature T, can be obtained at the applied 
angular frequency w,. According to Eq. (2.22), a plot of In(w,/T;) versus 1/T, 
yields the slop proportional to the energy level of deep donor E, and the intercept 
proportional to the capture cross section c, with the example in Figure 2.25. 


2.5.5 Determination of Grain and Grain Boundary Conductivity 


Impedance spectroscopy can be used to study the electrical properties of 
grain boundaries, the intergranular electrical barriers, origin of resistance or 
capacitance, their dispersion with small-signal frequencies, and the role of 
defects within the regime of the electric field [58]. 
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Figure 2.26 (a) Impedance 0.2 T r r T T 
spectra at various 
temperatures and (b) a typical 
impedance spectrum showing 
all fitted parameters. Source: 
Han et al. 2002 [59]. Redrawn 
with permission from Elsevier. 
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The impedance spectra of the ZnO varistor at difterent temperatures are shown 
in Figure. 2.26a [59]. The spectrum exhibits two partially overlapping semicir- 
cles; the left is respective to the results under high frequencies and the right is 
respective to the results under low frequencies. The low-frequency semicircle is 
interpreted as effects of grain boundaries and the higher frequency arc as the 
effects of grain interiors. 

The complex impedance data can be interpreted using the Maxwell—Wagner 
two-layer equivalent circuit model [58]. The modified Cole—Cole expression, for 
the distribution of impedance on the two-layer model (grain and grain bound- 
ary), in which the resulting complex impedance Z’ (w) consists of two overlapping 
semicircles, can be written as [59] 


Rı— Ro $ R- R 


Honki p aL 
1+ (ity 1+ (iot) 


(2.23) 


where R, and R, are the intercepts with the real impedance axis of the 
high-frequency end of the high-frequency arc and low-frequency end of the 
low-frequency arc, respectively. R, is the impedance corresponding to the inter- 
secting point of the arcs, which is illustrated in Figure 2.26b; t, and ry, are the 
mean relaxation times for the grain and grain boundary conduction processes, 
respectively; a, and a, are the parameters that measure the deviations of the 
shapes of the impedance plots from the ideal semicircular shapes of the Debye 
model for the grain and grain boundary, respectively. This deviation is due to the 
distribution of relaxation times [58]. 
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The real and imaginary parts of the complex impedance are given by [59] 


, R, — Ro ee 
Z(@)=Ro+ [1 + (or,)*"% sin(aa,/2)] 
R. = 
p2 ; LU + (wtg,)'~% sin(nay,/2)] (2.24) 
R,-R R, — R. 
Z'o) = =— (wt,)'~% cos(na,/2) + 2 7 z (org) % cos(Ta gp /2) 
(2.25) 
where 


a=1+ 2o)" sin(za,/2) + (or, 0%? 
b=1+ Qot)» sin(nag,/2) + (Tp) 


a, and ap, are given by a, = 2ġ,/T and ag, = 2¢,,/m, where p, and Pg, are the 
angles of depression of the semicircle centers due to the tilting of the semicircles. 
The values of #, and gg, lie between 0° and 90°, and the corresponding values of 
a, and a lie in the range 0 and 1. t, = 1/a, = R,C, and ty, = 1/0 = Rgb Cob 
where œ, and œp, are the peak frequencies of the impedance arcs because of the 
grains and grain boundaries, respectively. The values of R, and Ry, the contri- 
butions to the total resistance of the sample by the grains and grain boundaries, 
respectively, are given by the diameters of the arcs. The values of C, and Cy, are 
computed from the frequencies corresponding to the peaks of the semicircles. 
The conductivities of grain (c,) and grain boundary (og) can be calculated from 
the values of R, and Ry. 
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The ZnO varistor is a very complex chemical system that contains many dopants, 
such as Bi,O3, CoO, MnO, Sb,O,, and Cr,O3. The majority of bismuth-doped 
ZnO varistors are usually prepared by a liquid-phase sintering ZnO powder with 
Bi,O, and other additives, according to the desired formulation, and the secret of 
the varistor material lies in the liquid phase, which facilitates rapid distribution 
of dopants during sintering. The role of Bi,O, is mainly to provide a medium for 
liquid-phase sintering, enhancing the growth of ZnO grains. Dopants play at least 
three major roles in forming varistors: they can affect grain growth during sin- 
tering, the dewetting characteristics of the liquid phase during cooling, and the 
electronic defect states that control the overall varistor characteristics. In order 
to obtain high-performance ZnO varistors, the compositions, impurities, mixing 
methods, particle sizes, and sintering conditions, such as maximum temperature 
and holding time, temperature rising/lowering rates, and oxygen and Bi,O, par- 
tial pressures, should be controlled precisely. The dopant can act as a donor, an 
acceptor, or both, depending on the size of the guest ion, crystal structure of the 
host lattice, and the relative valency of the guest and host ions. However, the con- 
tribution of each additive has often been considered within the multicomponent 
system; the performance of a ZnO varistor is the synergistic effect of multiple 
additives, so it is difficult to investigate the specific role of each dopant in the 
multicomponent system. The main functions of different additives in ZnO varis- 
tors are summarized in this chapter. The recent works on high voltage gradient 
and low residual voltage ZnO varistors are also introduced. 


3.1 Introduction 


Pure ZnO is a nonstoichiometric n-type semiconductor with a linear J-V behav- 
ior. To make it nonlinear, various additive oxides are incorporated in ZnO [1-6]. 
A typical ZnO-based varistor is a very complex chemical system that contains 
several dopants, such as Bi,O3, CoO, MnO, Sb,O3, and Cr,O, [1-4]. It has been 
proposed that the dopants responsible for the formation of the varistor behavior 
are cations of large ionic radii, with low solubility in ZnO at low temperature, like 
Bi [5, 6], Pr [7, 8], Ba [9, 10], or V [11-18]. These dopants are often called “varistor 
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formers,” without which it is difticult to make a varistor. The other dopants are 
added for improving the nonohmic property, such as CoO and MnO, or the den- 
sification of ceramics and their reliability, such as Sb,O3 and Cr,O, [19]. Many 
studies were carried out to investigate the roles of various additives on the forma- 
tion of microstructures and electrical properties of ZnO varistors. Incorporation 
of these oxides causes atomic defects to form at the grain and the grain bound- 
ary, with donor or donor-like defects dominating the depletion layer and acceptor 
and acceptor-like defects dominating the grain boundary states [19]. 

In order to obtain high-performance ZnO varistors, the compositions, impuri- 
ties, mixing methods, particle sizes, and sintering conditions, such as maximum 
temperature and holding time, temperature rising/lowering rates, and oxygen 
and Bi,O, partial pressures, should be controlled precisely [20]. 

It is believed that the nonlinearity of ZnO varistors is controlled by grain 
boundary barriers that develop as a result of electronic defects in ZnO polycrys- 
talline ceramics [21, 22]. It has been found that the nonlinearity and electrical 
stability depend critically on the minor additives and the processing methods 
(20, 23]. For these reasons, considerable efforts have been devoted to under- 
standing the effect of additives on the electronic defects and consequently the 
electrical properties of ZnO varistors by combining the results from a variety 
of physical measurements, especially those performed in recent years. These 
methods have included well-established techniques for the identification of 
defect states at interfaces in semiconductors [3], such as deep-level transient 
spectroscopy (DLTS), deconvolution of the J-V curves, and admittance spec- 
troscopy, as well as techniques suited to bulk defects, such as photoluminescence 
and electron paramagnetic resonance. 

In this chapter, the dopant effects of different additives and the influence of sin- 
tering conditions on the microstructural and electrical behaviors of ZnO varistor 
ceramics are introduced. 


3.2 Liquid-Phase Fabrication 


Although the microstructures of ZnO varistors appear complex and vary from 
one formulation to another, the secret of varistors seems to be in the liquid phase. 
The liquid phase facilitates the rapid redistribution of dopants during sintering, 
so that they are uniformly incorporated into the ZnO grains. The dewetting of the 
liquid phase from the grain boundaries on cooling provides a means of distribut- 
ing the large-ion dopants along the grain boundaries. Finally, during intermediate 
annealing in air or oxygen, the solidified liquid phase provides a continuous path 
for oxygen to enter the material [3]. 


3.2.1 Microstructure of ZnO Varistor 


Since Matsuoka proposed the initial formulations of ZnO varistors, the majority 
of bismuth-doped ZnO varistors are usually prepared by the liquid-phase sin- 
tering ZnO powder with Bi,O, and other additives [3], according to the desired 
formulation, and the secret of the varistor material lies in the liquid phase, which 
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facilitates rapid distribution of dopants during sintering. The role of Bi,O, is 
mainly to provide a medium for liquid-phase sintering, enhancing the growth 
of ZnO grains [24]. 

Bismuth oxide forms a liquid phase at a relatively low temperature (860°C) 
during sintering, dissolves a large amount of ZnO grains, and forms grain bound- 
aries after sintering between 1100 and 1300°C. During cooling, the liquid phase 
solidifies at the multiple-grain junction [25, 26]. Observations of this sintered 
material have suggested that its microstructure essentially consists of ZnO grains 
surrounded and separated by a thin continuous intergranular Bi,O,-rich phase, 
which sits at the triple junctions [27-30]. A simplified sketch of the microstruc- 
ture is shown in Figure 3.1 [30]. The microstructure can also contain one or more 
types of spinels, pores embedded in the triple points or the ZnO grains, and in 
addition, depending on the composition, a small amount of pyrochlore phase 
between the ZnO grains, and inversion boundaries (IBs) (or twins) within the 
ZnO grains. 

From scanning transmission electron micrograph (STEM) observation, there 
is a continuous second phase of substantially enhanced Bi concentrations at all 
grain boundaries, as shown in Figure 3.2 [31], which was confirmed by many 
researchers [32-36]. First scanning secondary ion mass spectrometry (SIMS) 
data reveal a homogeneous lateral distribution of Bi over the microjunctions 
and a constant concentration of the dopants Mn and Co in the depth profile 
perpendicular to the interface [35]. 

The solidified liquid phase, which is the white network, is shown in Figure 3.3 
[35]. White regions are the bismuth-rich phase formed by the solidification of 
the remnant liquid phase. A wide variety of grain sizes and variations in the 
length of the sides of individual grains apparent in this micrograph are typical of 
many varistors. Etching the microstructure with perchloric acid to preferentially 
remove the ZnO grains reveals that the bismuth-rich phase is interconnected 
and continuous, along the multigrain junctions, through the microstructure. This 
network provides a continuous path for the transport of oxygen into the material 
during postsintering annealing [3], as discussed in Section 3.4. 

The microstructures at the grain boundaries are quite complicated, which are 
roughly classified into three types [30, 31, 34, 36]. The first one (type I) is the 
grain boundary with a relatively thick (1000 A-I um) Bi,O,-rich intergranular 
layer [37]. The melting point of Bi,O, is 825°C, which decreases to 750°C when 
coexisting with ZnO. Hence, a liquid phase is formed during sintering. The liq- 
uid phase is likely to gather at the holes created by the packing of the ZnO grains. 


Figure 3.1 Schematic arrangement of 
phases in a ZnO varistor ceramic. Source: 
Adapted from Cerva and Russwurm 1988 
[30]. 
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Figure 3.2 STEM image of 
second-phase particles ona 
typical grain boundary of the 
ZnO sample containing 

0.04 wt% Bi O}. Source: 
Kingery et al. 1979 [31]. 
Reproduced with permission 
of John Wiley & Sons. 


Figure 3.3 Microstructure of 
a multiphase ZnO varistor. 
Main phase: polyhedral ZnO 
grains, white network: Bi,O,, 
small octahedra: insulating 
spinel. Spinel particles, the 
small equiaxed grains, are 
located inside many of the 
ZnO grains and at several of 
the grain boundaries. Source: 
Greuter 1995 [35]. 
Reproduced with permission 
of Elsevier. 


Type II structure is where the Bi,O,-rich intergranular layer becomes thinner 
(10-1000 A) as it approaches the contact points of the grains. Type III structure 
is the contact region; no distinct intergranular layer can be observed by scanning 
electron microscopy (SEM) or transmission electron microscopy (TEM). For the 
type III structures, Bi, Co, and an excess amount of oxygen ions were detected in 
the interfacial region of the grain boundaries to a thickness of several nanome- 
ters by Auger Electron Spectroscopy (AES) or X-ray photoelectron spectroscopy 
(XPS) measurements. The collision of grains covered with Bi,O, liquid makes the 
intergranular layer in the contact region very thin. On the other hand, the wet- 
tability of the Bi,O, liquid phase is not so good; therefore, when the amount of 
Bi,O, is diminished, the ZnO grains are not completely surrounded by the Bi,O, 
liquid phase; this also makes the thin intergranular layer more thinner. However, 
the diffusion velocity at a grain boundary is usually higher than that in bulk by 
one or two orders of magnitude. As a result, the ions of Bi, Co, Mn, and Sb diffuse 
into the grain boundaries with ease [38]. 


3.2 Liquid-Phase Fabrication 


The ZnO-ZnO grain boundary is recognized to be the Schottky barrier at 
the grain boundary of the ZnO microstructure and responsible for the varistor 
performance [39, 40], and the monoatomic layers of excess bismuths and 
oxygens at the grain boundaries are responsible for the electrical activity of the 
interfaces. Characteristic bulk and interface defect levels govern the electrical 
behavior [36]. This homojunction can be electrically bypassed by bismuth oxide 
phases, and therefore, the ideal varistor characteristics can be changed. The 
resulting additional leakage current enhances the power consumption of the 
system. Experiments by Einzinger with microvaristors clearly verified the leakage 
current contribution of the Bi O, phases. Moreover, it was reported [41—44], 
that several stabilized high-temperature phases or metastable phases of Bi,O; 
exhibit an extremely high ionic conductivity, which supports the assumption of 
additional leakage currents through the Bi,O, grains [30]. 


3.2.2 Polymorph of Bismuth Oxide 


The bismuth-rich phase appears to have particular importance because the 
varistor characteristics are dependent on the type of the polymorph of crys- 
talline Bi,O, [25, 26]. The crystallization sequences and temperatures can be 
very different from one varistor formulation to another. Bi,O, has at least 
four polymorphs: «, B, y, and 6. The monoclinic form « is stable from room 
temperature up to 730°C, where it is transformed into 6-Bi,O,. The 6-form is 
stable between 730 and till 825°C, which is the melting point of Bi,O,. The B 
and y forms are known as metastable polymorphs, which result from cooling 
from high temperature and are subsequently transferred to a-Bi,O, at 500°C. 
However, 5-Bi,O, can be retained at room temperature by quenching [43]. Heat 
treatment induces transformation of the a- and B-Bi,O, phases into y-Bi,O,. 
The B-Bi,O; phase was also found to transform into the nonstoichiometric 
crystalline Bi,O,,, phase [30]. 

Usually, Sb,O, is added to control grain growth, and inclusions of Zn,Sb,0,, 
spinel-type crystallites are formed at the grain boundaries as shown in Figure 3.3. 
At temperatures in the range of 700-900 °C, Sb,O, reacts with both ZnO and 
Bi,O, and forms Zn,Sb,O,, and Zn,Bi,Sb,O,, pyrochlore-type crystalline 
phases [45]: 


3 Bu 3, 700-900°C 
2ZnO + SSb,O03 + SBizO3 + ŽO, —— ZnBigSb;0y4 (3.1) 


During sintering, Zn,Bi,;Sb,O,, forms a Bi,O,-rich liquid phase and Zn,Sb,O,, 
by the decomposition of zinc oxide and pyrochlore at temperatures in the range 
of 900-1050 °C by reactions [45] 


900-1050°C 
2Zn,Bi,Sb,0,, + 17ZnO 


3Zn,Sb,O,, + 3Bi,O, (3.2) 


By means of transmission electron microscopy and X-ray powder diffraction, 
the 5-Bi,O,, Bi,Sb,Zn,O,, (pyrochlore), and B-Zn,Sb,O,, (spinel) phases were 
observed [46]. Zn,Sb,O,, precipitates at the grain boundaries and hinders 
ion movement [37]. Bi,O, helps in densification and wetting of ZnO grains. 
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Bi,Sb,Zn,O,, (pyrochlore) and B-Zn,Sb,O,, (spinel) phases are useful for 
restricting the growth of ZnO grains. Generally, Zn,Sb,O,, spinels are present 
in triple junctions as well as inside the ZnO grains in the form of inverse grain 
boundary [47]. 

More than one crystalline phase based on Bi,O, can also coexist [24]. Some 
multiple-grain junctions contain both a- and B-Bi,O, grains [30]. However, it has 
been speculated that the presence of 5-Bi,O,, one of the fastest oxygen ion con- 
ductors, plays a vital role in the varistor stability especially while annealing in air. 
Also, high-resolution X-ray microanalyses indicated that the transformation to 
8-Bi,O, is accompanied by the rejection of dissolved elements, such as antimony, 
cobalt, and nickel, into the surrounding intergranular phase. The valence state of 
these transition elements is not known but may be dependent on the tempera- 
ture at which the transformation occurs [3]. One of the works even recommends 
that the electrical nonlinearity can be enhanced by using a highly oxygenated 
Bi, O, as the starting material [27]. The oxygen and bismuth concentrations at the 
grain boundaries are reported to be affected differently on treatment according 
to Stucki and Greuter [28]. 


3.2.3 Influence of Bi,O, Concentration 


The amount of added Bi,O, to the starting composition, which defines the 
amount of liquid phase at the sintering temperature, is important as the grain 
growth is slowed down by the increased thickness of the liquid layer at the grain 
boundaries of ZnO. In low-voltage varistor ceramics, the increase in the ZnO 
grain size is considerable, and so, also, is the decrease in the specific surface of 
the grains, and this can significantly influence the thickness of the Bi,O, liquid 
layer at the grain boundaries during sintering [48]. 

In the ZnO-Bi,O, system, Senda and Bradt [49] reported that at low Bi,O, 
level below 0.5 mol%, the grain growth controlling mechanism is a solution— 
precipitation-phase boundary reaction of the solid ZnO grains and the Bi,O,- 
rich liquid phase. In this case, grain growth is enhanced by a thin layer of Bi,O, 
liquid phase at the grain boundaries. However, for a large amount of Bi,O, above 
1.0 mol%, Dey and Bradt [50] reported that the controlling mechanism of grain 
growth rate is the diffusion through the liquid phase, and the grain growth is 
hindered by the thick Bi,O, liquid layer. 

As shown in Figure 3.1, the ZnO varistors have three types of microstructure. 
The occupation ratio among them is quite different and dependent on both com- 
position, especially Bi,O, content, and sintering condition. The ZnO varistors 
with the addition of 0.5 mol% Bi,O; into the starting material and sintered at 
1250°C for two hours mainly have the type II and type III structures, whereas 
the varistors sintered at 1400 °C for several hours mainly have the type III struc- 
ture. The varistors with more than 5 mol% Bi,O, added to the starting material 
mainly have the type I structure. Even in this case, highly nonohmic properties 
were still observed [37]. 


3.2.4 Volatilization of Bismuth Oxide 


Bi,O,-doped ZnO ceramic varistors are usually sintered at temperatures near 
1200°C in the presence of a Bi-rich liquid phase, which is partially vaporized 
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during the sintering process. Bismuth oxide easily vaporizes above 1400°C, 
and the nonohmic property will disappear if Bi,O, vaporizes extensively [37]. 
Volatilization of bismuth oxide depends on the total surface area in direct contact 
with the reaction atmosphere, and this, in turn, is related to the area/volume 
ratio of the ceramic disc [51]. The loss of Bi,O, has a significant role in the 
development of the varistor microstructure and more specifically in ZnO grain 
growth, which is strongly enhanced by the presence of the liquid phase and 
should be particularly affected. 

Several efforts were carried out to describe the influence of different Bi,O, 
contents on the microstructure and electrical properties of the varistor devices. 
Chiang et al. [52] reported a loss of 19 wt% bismuth oxide when sintering at 
1150°C for 90 minutes by emission spectroscopy. They also found cobalt oxide 
vaporization when using this technique. Metz et al. [43] reported the results that 
show Bi,O, losses up to 95 wt% depending on the temperature and soaking time. 
Peiteado et al. [51] performed X-ray fluorescence analysis to describe the Bi,O, 
vaporization profile as a function of distance to the outer surface. In this way, 
the area/volume ratio of the green ceramic plays a determining role in varistor 
manufacturing because it limits the total amount of liquid Bi-rich phase that will 
be lost by vaporization. The microstructural development and more specifically 
the kinetics of ZnO grain growth are strongly affected by this vaporization in 
such a way that the grain size of ZnO tends to decrease as the bismuth oxide 
vaporization increases. 

Figure 3.4 shows the content of residual Bi,O, in the sintered body after sinter- 
ing for two hours at each of the temperature point [37], and the amount of Bi,O, 
gradually decreases from the sintered mass. 

The importance of bismuth segregation was demonstrated in a series of exper- 
iments performed by Morris and Cahn [53, 54]. They studied the Z-V character- 
istics of sintered ZnO with different concentrations of Bi,O, and examined the 
grain boundaries by AES and ISS. The key finding was that the J-V characteris- 
tics were essentially independent on the amount of added Bi,O3, and the grain 
boundaries had an adsorbed layer of constant bismuth content with the excess 


Figure 3.4 Residual Bi,O, in 
the ZnO varistors with a 
diameter of 14mm anda Ors 
thickness of 2mm after 
sintering for two hours at each 
temperature. The starting 
material contained 1 mol% 
each of Bi,O,, CoO, and ,0,; 
0.5 mol% MnO; and 96.5 mol% 
ZnO. Source: Adapted from 
Eda 1989 [37]. 
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Bi,O, located at the triple junctions. The total amount of Bi,O, was only sufficient 
to create about a monolayer of bismuth on all the grain boundaries. The result- 
ing material exhibited obvious varistor behavior, although, as might be expected 
for the binary material with no annealing treatment or additional dopants, the 
degree of nonlinearity was not large (~3) [3]. 


3.3 Preparing and Sintering Techniques 


3.3.1 Fabrication 


ZnO varistor is fabricated by the conventional ceramics sintering technique. A 
standard composition contains 0.5 mol% each of Bi O, and MnO, 1.0 mol% each 
of CoO and Sb,O,, and 97.0 mol% ZnO. Reagent-grade chemicals are usually 
used. The powders are mixed by a conventional method using a mortar in the dry 
form or a ball mill in the wet form, usually mixed and homogenized in alcohol 
using a planetary mill. After drying at 90 °C, the mixture is pressed into arbitrary 
forms by a conventional molding method, for example, pressed with 350 MPa into 
discs of 30 mm diameter and 2.0 mm thickness. The pressed discs are sintered in 
an electric furnace at 1150-1350 °C for one to five hours in air using a heating rate 
of 6°C min“! and a cooling rate of 2°C min“. Finally, electrodes are prepared on 
both surfaces. The best ohmic electrodes are painted In—Ga alloys or evaporated 
Al films. Conventional silver electrodes painted and fired at 500-800 °C are also 
used [37]. 

The morphology depends on how the varistor material is processed [3]. If the 
material is quenched from above the eutectic temperature, the bismuth-rich 
phase wraps the ZnO grains, and no varistor behavior results. If, instead, 
the material is slowly cooled down in air, as is the commercial practice, the 
liquid phase retracts from the two-grain junctions and is localized along the 
triple-grain junctions. The fact that devices that are annealed at 800°C show 
nonlinear characteristics, whereas devices annealed at temperatures higher 
than 900°C show a linear behavior, gives rise to the possibility of surface 
evaporation of some critical elements required for nonlinearity [55]. The results 
of energy-dispersive X-ray analysis (EDXA) showed all the elements present on 
the surface of the devices annealed at 800°C. However, for devices annealed 
1200 °C, it was found that Bi, Pb, and Sb were absent, although the concentration 
of these elements was highest in the starting oxide. This result is in agreement 
with the observation of Matsuoka [5] and is expected from the high vapor 
pressure data of these elements. 

Wong reported the relation between the grain size and the sintering condition 
[7]; the grain size of ZnO-Bi,O, ceramics increases by sintering at much higher 
temperatures or for much longer times. However, even if sintered at 1400 °C, the 
average ZnO grain size was below 50 pm. Furthermore, such high-temperature 
sintering resulted in the vaporization of Bi,O, from the sintered body, so that 
the nonlinear property was damaged [56]. To suppress the evaporation of these 
elements at a high temperature (T > 900°C), annealing was carried out in an 
evacuated closed-tube system in the presence of a source mixture of the oxides 
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[55]. Nevertheless, nonlinearity was not observed. Moreover, devices annealed at 
conditions that previously gave linear J—V characteristics, i.e. 800°C, showed a 
linear J-V dependence when annealed under these conditions in an evacuated 
sealed tube. This result indicates that annealing in air is an essential requirement 
even in the presence of the elements Bi, Pb, and Sb. This agreed with the investi- 
gations of Einzinger in which it was found that an oxidizing ambient is essential 
to achieve nonlinearity in the ZnO varistor [57]. 

DLTS measurements were performed to study the annealing-induced changes 
in trap centers in ZnO varistors and to shed more light on varistor stability mech- 
anism [58]. Two electron traps, E, — 0.26 eV and E, — (0.2—0.3) eV, were observed 
in the unannealed samples in large quantities (7-9 x 10'* cm~). The density of 
the E,—0.26 eV trap gradually decreases to 4.7 x 1013 cm-? at the annealing tem- 
perature of 600°C. Beyond the 600°C annealing, the E, — 0.26 eV trap begins 
to grow along with the appearance of another electron trap at E, — 0.17 eV. The 
minima in the E, — 0.26 eV trap density, coupled with the observation that unan- 
nealed devices are unstable, whereas devices annealed at 600°C are most stable, 
suggest that the ZnO varistor instability is related to the E, — 0.26 eV trap. Rohatgi 
et al. [58] supported the ion migration model for device instability where the 
E,— 0.26 eV defect may be the Zn interstitial or the migrating ion. 


3.3.2 Fabrication Stages 


Four distinct stages can be distinguished associated with the fabrication of a 
varistor ceramic [3]. In the first stage, a liquid phase forms from low melting 
eutectics in the ZnO, Bi,O3, and/or Sb,O, system. Depending on time, tem- 
perature, and formulation, secondary phases, such as pyrochlore and spinel, 
can also form at this stage, but the principal process is the dissolution of the 
dopants into the liquid phase. In the second stage, dopants diffuse into the 
ZnO grains, and their uniform distribution leads to liquid-phase densification. 
Concurrently, grain growth occurs. The sintering temperature and time are 
chosen so as to optimize compositional uniformity, densification, and grain size. 
In the third stage, during cooling to intermediate temperatures, crystallization 
of secondary phases from bismuth-rich liquid phase and retraction of liquid 
phase into the triple junctions occur. Potential barriers are formed at the grain 
boundaries during this stage. In the fourth stage, processes occurring during the 
annealing stage (slow cooling) are unresolved but found to be critical in deciding 
the varistor properties. The major development of the electrical properties 
occurs on slow cooling through an intermediate temperature (450-700 °C) 
or on subsequent annealing in this temperature range. This heat treatment 
is a key feature of the manufacture of varistors, especially for high-voltage 
applications. 

The rationale for the annealing stage is that it is necessary for both the attain- 
ments of high nonlinearity and stability against degradation. Several intriguing 
explanations were proposed, but the detailed processes that occur during the 
annealing stage remain essentially unresolved, although it is highly likely that 
several processes, including the phase transformation from ô- to «-Bi,O3, occur 
concurrently. The most pronounced microstructural, as distinct from electrical, 
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changes occur during the third stage, cooling from the sintering temperature. 
Among these is the wetting behavior of the bismuth-rich phase [3]. 


3.3.3 Effect of Pores 


A lot of remaining pores can be primarily found in the grain boundaries [59, 60]. 
Pore is an intrinsic property of the ZnO varistor, which is an inherent part of 
liquid-phase sintering. Pores are present in the powder compact as interparticle 
voids. Also, pores can be resulted from uneven liquid distribution, unbalanced 
diffusion events, and reactions with the vapor [61]. Pores are related to the den- 
sification of ZnO varistors. There are two different shapes of pores in the ZnO 
varistor samples: sphere and irregular polyhedron. 

There are two different pore formation mechanisms. The first is related to 
wrapped air particles in an initial varistor compact. Before sintering, different 
ingredients are milled, mixed, and pressed into the initial ZnO varistor compact. 
Air particles are wrapped inside the varistor compact during the mixing course. 
During the sintering course, the wrapped air particles expand and form pores in 
the ZnO varistors. The expansion force of air in the pore leads to the formation 
of a spherical shape. Another mechanism is related to pore coarsening induced 
by particle arrangement [61]. During the liquid sintering course, the ZnO grains 
grow and move, and several ZnO grains surround a space to form a pore. One 
part of this kind of pores is filled by liquid grain boundary materials, and the 
other part is not filled, and then pores are formed in the ZnO varistors. Ordi- 
narily, these kinds of pores have an irregular polyhedron shape and sometimes 
form the shape of a sphere, which is related to the sintering course. 

During sintering, liquid Bi,O, wraps the ZnO grains and air particles. The air 
particles move arbitrarily with the mobility of Bi,O3, and a part of air particles 
are expelled outside the ZnO varistor. If the air particles are wrapped by growing 
the ZnO grains, then they form pores inside the ZnO grains; the air particles left 
in the liquid Bi,O, phase form pores in the grain boundaries, and some air par- 
ticles emerge into large particles with the mobility of liquid Bi,O,. Pores with a 
larger diameter locate in the grain boundaries and triple junctions of the grains. 
When Al,O, is added, ZnAl,O, spinel is formed to inhibit the mobility of a part 
of pores; the inhibited pores merge into a large-sized pore in the grain bound- 
aries. These pores certainly inhibit the mobility of the liquid grain boundary, ZnO 
grain, and spinels and hinder the grain growth of ZnO grains during the sinter- 
ing course [62]. The grain growth inhibiting effect is partly related to the pore 
dragging mechanism as supposed by Gupta [63]. 

It is also worth noting that there is a change in the shape of the pore as Bi,O, is 
added into ZnO [64]. The shape of the pores is governed by the magnitude of the 
dihedral angle 8, which is controlled by the balance between the surface energy 
Ys and grain boundary energy ya [65], as demonstrated in Figure 3.5 [64]: 


0 
Yeb = 2Ys COS 7 (3.3) 


The addition of Bi,O, reduces y, which consequently increases the value of 
dihedral angle as shown in Figure 3.5b. Then, the pores in the Bi,O,-doped ZnO 
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Figure 3.5 Schematics of the pore in the sintered (a) ZnO and (b) ZnO-Bi,O, specimen. 
Source: Adapted from Lao et al. 2007 [64]. 


specimens are more round in shape, and the ability of the pore to pin the grain 
boundary is reduced [65]. Therefore, many pores are trapped within the ZnO 
grains, indicating that the grain boundaries sweep easily through the ZnO grains 
and left behind many pores. Because the pores are no longer able to attach to 
the grain boundaries and prohibit the grain growth, the size of the ZnO grains 
in the ZnO-Bi,O, varistors is larger than that in the ZnO specimens. However, 
the size variation of the ZnO grains is also increased because of the change in the 
dihedral angle [66-69]. 

Recently, the pore distribution inside a ZnO varistor was measured by 3D 
X-ray computed tomography (XCT) (ZEISS Xradia 510 Versa), which revealed 
a three-dimensional (3-D) pore distribution inside the ZnO varistors, which 
achieves a 0.7 um true spatial resolution with a minimum achievable voxel 
size below 70nm. A typical laboratory micro-CT system is mainly based on 
the measurement of transmission of X-rays through the object over a range 
of angles. The test sample size was ®2 x 2mm. As shown in Figure 3.6 [70], 
the total pore volume in the sample is 1.43%. More pores are observed in the 


Figure 3.6 The pore distribution 
inside a ZnO varistor sample. The test 
specimen was taken from the side of a 
varistor, and the right is the side face; 
the pore distribution is shown above 
the test specimen. 
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side face region of the varistor disc, which may be the reason that puncturings 
often occur in the varistor side region. 


3.4 Role of Oxygen at the Grain Boundary 


Han et al. [19] prepared undoped and Mn-doped ZnO samples sintered at 
1200 °C in air; a set of samples was slowly cooled from the sintering tempera- 
ture, and another set was quenched from that temperature. The slowly cooled 
Mn-doped samples showed a varistor behavior, whereas the quenched and the 
undoped ones showed an ohmic behavior. It could be concluded that the migra- 
tion of defects to the grain boundaries during the cooling period is negligible. 
This, together with the experimental fact that Mn homogeneously distributed 
in ZnO, pointed to the possibility that the varistor behavior arose from an 
“intrinsic” mechanism. The quenched samples were then annealed at 800°C in 
air, a process allowing the oxidation of the grain boundaries by ambient oxygen, 
without changes in the bulk defect chemistry conditions. They confirmed that 
the varistor behavior is not directly related to the presence of the dopant. The 
oxidation of the grain boundaries, proceeded by the elimination of the zinc 
interstitial species (the intrinsic donors in ZnO), and the analysis of the defect 
chemistry of undoped and Mn-doped ZnO samples allowed to conclude that the 
oxidation process takes place only when the majority of these species are double 
ionized. The amount of these species in the varistor samples is several orders of 
magnitude lower than that of the MnO added, a similar situation observed in the 
case of Bi-doped ZnO varistor systems [19]. In Mn-doped samples, the varistor 
behavior arises mainly by the oxidation of the double-ionized zinc interstitials 
near the grain boundaries, and probably, the same is true for any other dopants 
used to decrease the concentration of shallow donors below the deeper ones. 

When the ZnO varistor was annealed in a reducing atmosphere (N,, Ar, or 
vacuum), the leakage current increased [28, 71], and, in some cases, destroyed its 
nonlinear electrical behavior. Moreover, samples annealed at conditions that pre- 
viously gave linear J-V characteristics, i.e. 800°C, showed a linear J-V depen- 
dence when annealed under these conditions in an evacuated sealed tube. These 
effects can be reversed by annealing in air or oxygen [71]. This result indicates 
that annealing in air or oxygen is an essential requirement even in the presence 
of the elements Bi, Pb, and Sb [55]. This is in agreement with the investigations of 
Einzinger in which it was found that an oxidizing ambient is essential to achieve 
nonlinearity in the ZnO varistor [57]. 

It has been suggested that the varistor characteristics are related to the par- 
ticular crystalline form that the Bi,O, takes on [28, 71] with oxygen at the grain 
boundary interface [26]. The role of Bi as the “grain boundary activator” may, in 
the simplest scenario, be limited to supplying excess oxygen to the grain bound- 
aries [28, 71]. As introduced before, the bismuth-rich phase is interconnected and 
continuous along the multigrain junctions throughout the microstructure. This 
topology is considered to be crucial for the transport of oxygen into the material 
during postsintering annealing. It is also stated that nonohmic properties can be 
enhanced using “highly oxygenated” Bi,O, as the starting material [27]. 
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The role of oxygen is to form a potential barrier at the grain boundary of metal 
oxide varistors [72]. Transitional elements, such as Co and Mn, are added to 
increase the varistor nonlinearity. The oxides formed by Co and Mn are acceptors, 
and their valence states may change in the grain boundary region, particularly 
with local changes in the oxygen potential. These transitional metal oxides gen- 
erally have several oxidation states, which increase the amount of oxygen at the 
grain boundary. Therefore, the transition metal precipitated at the grain bound- 
ary becomes more oxidized when treated in an O,-rich atmosphere, causing the 
electron-trapping interfacial region to become richer in the oxygen species. It 
is proposed that the grain boundary region has a “p-type semiconductor nature” 
because of the Co,O,- and Mn,O,-like phases precipitated at the grain boundary, 
whereas the bulk of ZnO-based varistor has an “n-type semiconductor nature” 
[72]. This structure enables electrons to become localized on the surfaces, giv- 
ing rise to a negative surface (negative interfacial states). In order to maintain the 
local electrical neutrality, the charges are compensated by ionized shallow donors 
and bulk electron traps. As a result, electron depletion layers are formed and act 
as potential barriers. The potential barriers have a Schottky-like nature because 
of the negative interfacial states, and the selfsame nature is often found in all 
metal oxide varistors at higher temperature. Considering such a grain boundary 
configuration, annealing under a reducing atmosphere will eliminate excessive 
oxygen, allowing the metal atoms to remain and, thereby, decreasing the non- 
linear electrical properties of the varistor. Therefore, the physical origin of the 
interfacial states is not an intrinsic one because of the lattice mismatch at the 
boundary, but an extrinsic one resulting from the metal atoms precipitated at the 
grain boundaries [72]. 


3.5 Dopant Effects 


3.5.1 Effects of Additives 


The basic structure of ZnO varistors is formed by adding Bi,O, to ZnO. Bi,O, 
makes potential barriers at the grain boundaries by behaving as a layer of 
intergranular material and by supplying ions to the ZnO grain boundaries [37]. 
In order to form the nonlinear property, at least 0.1 mol% Bi,O, should be added 
to ZnO, but the potential barriers are not good enough with the nonlinear 
coefficient never higher than 10. By adding transition metal oxides such as CoO 
and MnO, the nonlinear property is dramatically improved by involving in the 
formation of interfacial states and deep bulk traps, and the nonlinear coefticients 
are as high as 40. By adding Sb,O, to ZnO-Bi,O,-CoO-Mn0O varistor system, 
the grain size becomes smaller, and the nonlinear performance is further 
improved. Furthermore, the J-V characteristics become stable against electrical 
stresses, as shown by the higher breakdown voltages. The potential barriers of 
high nonlinear property are created and determined by using those four addi- 
tives. Other monovalent or trivalent additives, such as Li and Al, also affect the 
shape of the potential barriers and the J-V characteristics by acting as donors or 
acceptors. 


80 


3 Tuning Electrical Characteristics of ZnO Varistors 


Prototype bismuth oxide doped ZnO varistors were devised in the early 1970s 
by Matsuoka [5]. It is composed of 97.0 mol% ZnO, 1.0 mol% Sb,O3, and 0.5 mol% 
each of Bi,O,, CoO, MnO, and Cr,O . The electrical resistivity and dielectric 
constant of segregation layers are estimated to be 10!3 Q cm and 170, respec- 
tively. The nonlinear coefficient reached 50, and the average grain size was 10 pm. 
Commercially manufactured ZnO varistors usually contain four basic additives 
(Bi O}, CoO, MnO, and Sb,O ) along with some additives to control the grain 
size, resistivity of ZnO, and stability. 

Dopants play at least three major roles in forming varistors. They can affect 
grain growth during sintering, the dewetting characteristics of the liquid phase 
during cooling, and the electronic defect states that control the overall varistor 
characteristics [3]. Each of the dopants plays a distinctive role in the subtle tun- 
ing of the final nonlinear characteristics of the varistor ceramics and cannot be 
omitted. The dopant can act as a donor, an acceptor, or both, depending on the 
size of the guest ion, crystal structure of the host lattice, and the relative valency 
of the guest and host ions [73]. Usually, Bi is added as a nonlinearity inducer; Co, 
Mn, Sb, and Cr as nonlinearity enhancers; Sb and Si as grain growth inhibitors; 
and Cr as a stability enhancer. On the contrary, TiO, promotes grain growth. 
Also, the proper ratios among the dopants have to be set in order to obtain the 
required electrical performance of the varistor ceramics through the process of 
microstructure development [74]. However, the contribution of each additive has 
often been considered within the multicomponent system, and the performance 
of a ZnO varistor is the synergistic effect of multiple additives, so it is difficult to 
investigate the specific role of each dopant in the multicomponent system [19]. 
The main functions of different additives in ZnO varistors are summarized in 
Table 3.1. 

Although the overall electrical characteristics of varistor ceramics result 
from the collective effect of all the microstructural features caused by dopants, 
two factors play key roles [74]. The first is the grain boundaries that exhibit 
nonlinear current-voltage characteristics and define the characteristics of the 
varistor in the prebreakdown region. The second is the ZnO grains that, with 
their size, define the number of grain boundaries between the electrodes and 
hence the breakdown voltage of the varistor and, with their conductivity, define 
the performance of the varistor at high currents in the upturn region of the 
current-voltage characteristic. Therefore, the “prebreakdown” current-voltage 
(I-V) characteristics are “grain boundary” controlled and the “upturn” I-V 
characteristics are “grain controlled.” Some dopants have a significant effect on 
the prebreakdown and the upturn current-voltage characteristics of varistors 
even when much lower amounts of additives than standard are added to the 
varistor [74]. As illustrated in Figure 3.7 [73], the effect of donor doping on the 
grain and grain boundary will shift the entire J-V curve to the right and that of 
acceptor doping to the left. However, many additives have dual functions both 
as donors and acceptors to influence the grains and the grain boundaries. 

How to isolate and study the eftects of donor and acceptor dopings on the grain 
and grain boundary properties was called as “microstructural engineering” [73], 
which can be formalized into three hierarchical levels. The first level consists of 
identifying the dopants that are grain specific, grain boundary specific, or both. 
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Table 3.1 Roles of additives on the properties of varistors. 


Additives 
Bi,O,, Pr,O,,, V205, BaO 
Sb,O, 


MnO. 


CoO 


Fe 


Al,O,, Ga,O,, or In,O, 


K+, Lit, Na+ 


Ag,O 


Rare earth oxides (REO): 
Pr,O,,, Y,0,, 1a,0,, 
Nd,O,, Er,O3, Ce,O, 
Dy,O,, and Ho,O, 
Ta,O, 


WO, Nb,O, 


Roles 


Acts as varistor makers [1, 2, 5, 6, 9, 37, 75-80] 


Inhibits ZnO grain growth, enhances the nonlinearity and 
breakdown voltage, decreases the leakage current of varistor, 
triggers the formation of IBs in ZnO grains [5, 81-85] 


Promotes ZnO grain growth, increases the grain boundary 
resistance [86], reduces the electrical conductivity of ZnO [87], 
helps to build up the potential barrier in the grain boundary, 
prevents the Bi,O, evaporation, enhances the nonlinearity 

(2, 3, 88-91] 

Reduces grain boundary resistivity (4, 92, 93], leads to the 
formation of the potential barrier in the grain boundary, and 
enhances the nonlinearity [2, 3, 88-91], and prevents Bi,O, 
evaporation, improves stability [37] 


Enhances the nonlinearity and the energy absorption capability 
of ZnO varistor [2, 3, 88-91] 


Forms spinel phase and controls the grain size by triggering the 
formation of inversion boundaries (IBs) in ZnO grains [48, 94] 


Decreases both the grain and grain boundary electrical 
conductivities [95-98] 


Controls the grain size, decreases the leakage current, increases 
the nonlinear coefticient and breakdown voltage [99] 


Enhances grain growth, decreases breakdown field and 
improves DC degradation behavior, triggers the formation of 
IBs in ZnO grains [37, 100] 


Inhibits grain growth, enhances the ohmic resistance and 
breakdown voltage, and reduces the leakage current [101] 


Improves the nonlinear property and electrical barrier and 
reduces electrical conductivity of ZnO as a deep donor [102] 


Reduces the grain resistance [47, 103, 104] to increase the 
leakage current in the prebreakdown region and decreases the 
resistivity in upturn region [76, 105-108] 


Controls the grain size, lowers the grain and grain boundary 
electrical conductivities [109, 110], decreases the leakage 
currents, and improves the stability of the varistor [73] 


Reduces the grain resistance of ZnO, promotes the 
densification and grain growth of ZnO, increases both the grain 
and grain boundary resistances in low doping level [111], and 
improves the stability of the varistor [73] 


Promotes the pyrochlore-phase formation, controlling different 
electrical parameters, inhibits grain growth, significantly 
increases the breakdown field and energy absorption capability 
[112-121], but degradation is accentuated with REO addition 

A small concentration results in high grain conductivity, but 
excessive Ta,O, decreases both bulk conductivity and grain size 
[120] 

Increases the conductivity of ZnO [122-124] 

Inhibits grain growth [101] 

Inhibits grain growth [37] and increases nonlinearity 
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Figure 3.7 Effect of donor and acceptor doping on the current-voltage characteristics of the 
ZnO varistor. Source: Adapted from Gupta 1992 [73]. 


The second level is to determine whether the dopant is acting as a donor, an 
acceptor, or both. In the third level, the interactions between the dopants and 
the crystal lattice sites are of importance. 


3.5.2 Donor Dopants 


Donor dopants, as performance enhancers, generally increase the surface-state 
density and barrier height to improve the nonlinearity of ceramics at lower 
current density region and enhance the energy absorption capability of ZnO 
varistor systems, through the formation of interstitial states and deep bulk traps 
[20, 125]. There have been many investigations in an attempt to improve the 
voltage—current nonlinearity; these kinds of metal oxides have been so far incor- 
porated into common commercial varistors for reducing leakage current [126]. 

Most transition metals have more than one oxidation state, with their valence 
electrons being present in more than one shell. These metals have unusual and 
useful electronic and magnetic properties, many of which strongly depend on 
material defects such as grain boundaries, vacancies, dislocations, and stacking 
faults. These defects affect local oxygen bonding. Usually, transition metal oxides, 
such as MnO,, Co,O3, and Cr,O3, are added as donors [87]. These ions, in their 
divalent state, are known to go into solution in ZnO, but the energies of these 
donor states are not known, and their valence state may change in the vicin- 
ity of a grain boundary, especially with local changes in the oxygen potential 
[3, 127]. Most of the researchers thought that 3d transition metal impurities could 
enhance the excess oxygen concentration in the grain boundary region because 
of their decompositions from trivalence to divalence [4, 92, 93], and a potential 
barrier is formed there preferentially. 

The nonlinear property is dramatically improved by involving in the formation 
of interfacial states and deep bulk traps when transition metal oxides such as CoO 
and MnO were added [37]. 
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Mn is regarded behaving as a deep donor in ZnO with an ionization energy 
of around ~2.0 eV at room temperature and significantly depresses the concen- 
tration of intrinsic donors, interstitial zinc, during sintering [128]. When the 
samples are cooled to room temperature quickly, the condition at the sintering 
temperature could be frozen and the concentration of the intrinsic donors would 
also be low at room temperature [19, 128-131]. 

Consequently, Mn makes ZnO a more resistive material at room temperature, 
although the doping content is very low [87]. It plays no direct role in the con- 
ductivity of ZnO at room temperature because it is a deep donor, but it con- 
trols the carrier density through the interference on the concentration of the 
intrinsic donor defect. A similar conclusion was drawn by Einzinger [132], who 
stated that deep donors shift the concentrations of the intrinsic defects at the 
grain boundaries, decreasing the donor concentration and increasing the accep- 
tor one, in such an amount that electrical barriers can be built up in those regions. 
Further study showed that samples quenched from the sintering temperature 
showed an ohmic behavior, up to 0.6 mol% MnO; any nonlinear behavior was 
not observed on the J-V curves of these quenched samples at room tempera- 
ture [128], whereas a pronounced varistor behavior was found in the Mn-doped 
ZnO obtained by slow cooling from the sintering temperature or by annealing 
at a lower temperature [132]. From the defect equilibrium analysis, it was sug- 
gested that the varistor behavior in these samples was due to the oxidation of the 
double-ionized zinc interstitial defects present at the grain boundaries by ambi- 
ent oxygen during cooling or annealing, and the presence of Mn in the ZnO grains 
induces this process [19]. 

Mn doping also promotes ZnO grain growth during sintering, and this pro- 
moting effect is enhanced with an increasing Mn doping level. From complex 
impedance measurements, it was observed that Mn doping mainly increases the 
grain boundary resistance with keeping the grain resistance almost unchanged. 
This fact suggests that excess Mn probably exists in the grain boundary region, 
either as a very thin second phase or as an amorphous film, which could benefit 
the grain boundary transport for grain growth [86]. 

The electrical resistivity of the intergranular region at lower ohmic current 
region is drastically increased by doping with Co [8]. Therefore, the origin of 
varistor action should be attributed not to this layer but to the interfacial region 
between the intergranular layer and the Co-doped ZnO grain where electronic 
depletion layers are formed. 

Kim et al. [126] reported the onset of voltage upturn descended to lower cur- 
rent density because of the decrease of ZnO grain conductivity, as the Co,O, 
concentration increases. Carlson and Gupta [76] reported that the grain conduc- 
tivity is not always increased with the additions of such donor ions, but it seems 
to be because of a change in the carrier mobility in the ZnO grains. The change 
of grain conductivity by additions of Co,O, is due to the variation of the car- 
rier concentration Ng or the mobility [133]. By means of capacitance—voltage 
measurements, it is found that the Ny decreases as the dopant concentration 
increases. Co,O, decomposes at about 900 °C [134] during sintering, and cobalt 
ions substituted for Zn?* ions in the lattice sites of ZnO exist as Co? ions regard- 
less of their initial valency state before sintering. Therefore, the substitutional 
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Figure 3.8 E-J characteristic at high current densities for the sample doped with Co,0, and 
CoO. Co content in both systems is 1.0 at.%. Source: Adapted from Kim et al. 1985 [126]. 


reaction of Co,O, may be the same as an addition of CoO to ZnO when that 
reaction occurs in an atmosphere of ambient oxygen. As shown in Figure 3.8, it 
can be seen that the upturn in the sample doped with CoO occurs at lower current 
density than in the case of Co,O, doping, which reveals that the grain conductiv- 
ity of the CoO-doped ceramic is higher than that of the Co,O,-doped ceramic. 
It is a well-known fact that the electrical conductivity of a ZnO crystal is limited 
by the oxygen partial pressure. Thus, the lowered grain conductivity of the sam- 
ples doped with Co,O, can be explained in terms of the increased oxygen partial 
pressure due to the decomposition of the Co,O, during the sintering process. 
The substitutional reactions of Co,O, to ZnO have been presented by ref. [126]: 


ay, 280 + x 
Co,O, + Zn; —— 2Co7, + 205 + ZnO (3.4) 
and 
ZnO 
Co,0, + V2t —> 2Cot, + 30% (3.5) 


Coż, itself does not affect the donor density because it forms a deep trap below 
the Fermi level of the ZnO grain with a neutral state. 

The carrier mobility is increased by the addition of Co,O, at a lower dopant 
concentration and reaches to a maximum value about 0.5 mol% Co,O, but 
decreases with an increased addition of Co,O,; beyond 0.5 mol%. The mobility 
variation is considered to arise from the change in the concentration of defect 
such as Coz, Zn;*, V2", and other impurities, according to Eqs. (3.4) and (3.5). 
The higher carrier mobility of the samples with the Co,O, content smaller than 
0.5 mol% is attributed to the remarkable decrease in donor concentration and 
concentration of zat or Ma in the ZnO grains, whereas a relative reduced 
mobility in the samples with Co,O, concentration higher than 0.5 mol% is due 
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to the higher concentration of Coz,,. In the case of highly doped ZnO varistors 
containing more than 0.5 mol% Co,O3;, the lowered carrier mobility improves 
the decrease in grain conductivity [126]. 

Long et al. [135] further studied the effect of Co,O, in a larger concentration 
range and provided a more microstructural explanation for the doping effect 
of Co,O,. With an increased amount of doped Co,O,, the sample’s nonlinear 
coefticient a has an inverted U-shape, and the respective leakage current exhibits 
a U-shape. In addition, the breakdown electric field E,,,, increases slightly, and 
both the donor density Ng and the barrier height ¢, of the varistor samples 
decrease with an increase in the doped Co,O, content. The X-ray diffraction 
(XRD) patterns show that the microstructure mainly comprises the ZnO phase, 
spinel phase, Bi,O, phase, BiO,_, phase, and willemite phase. The spinel phase, 
which comprises Zn, 33Sb9¢67O, and Co, 33Sb9.¢7O,4, almost does not change with 
the increase in the doped cobalt content. The spinel phase plays an important 
role as the grain growth inhibitor during the sintering process. The 6-Bi,O, 
phase is observed. The BiO,_, phase is also identified, whose intensity peak 
keeps on rising with the increase in the doped cobalt content. The BiO,_, phase 
can reduce the leakage current and improve the nonlinear coefticient of the 
ZnO varistor sample. It is known that more BiO,_, phase will be formed under 
oxygen-rich atmosphere during the sintering process [126]. On the other hand, 
Co,O, will decompose to CoO at 895°C and provide extra oxygen ions. Thus, 
the extra oxygen ions will not only decrease the donor density but also forms the 
BiO,_, phase. As a result, the interface-state density increases and the electrical 
characteristics of the ZnO varistor samples are improved with the increase in 
the doped Co,O, content. In addition, more Co? or Co** ions dissolved into 
the Bi-rich phase will also increase the interface-state density and improve the 
electrical characteristics of the varistor samples, including the increment of the 
breakdown electric field ,,,, in a small extent. The willemite phase disappears 
when the doped Co, 0, content is more than 3 mol%. It is supposed that excessive 
Co** ions enter into the ZnO grains, spinels, and grain boundaries with the 
Bi-rich phase, which destroy the original microstructure and component partly, 
and result in the degradation of the electrical characteristics of the varistor 
samples. 

Ni,O, is another additive to improve the grain boundary performance, includ- 
ing decreasing the average grain size and the leakage current and increasing the 
nonlinear coefficient and the breakdown voltage [99, 136]. However, the leakage 
current then increases with the increase in the doped Ni,O, content, as Co,O, 
does. Conversely, the nonlinear coefficient @ increases firstly and then decreases. 
The N; and g, decrease with the increase in the doped Ni,O, content. Except 
the BiO,_, phase, the 5-Bi,O, phase is also observed. The intensity of the -Bi O, 
phase keeps on decreasing with the increase in the doped Ni,O, content. A new 
phase, the chrombismite Bi,,CrO,, phase, is observed when the content of doped 
Ni,O, is more than 2 mol%. With an increasing doped Ni,O; content, each peak 
of the spinel phase moves to the right obviously; this distinct movement of the 
spinel’s diffraction peak represents the huge alteration of the lattice constant of 
the spinel phase. These might be caused by solidly solving the Ni ions into the 
spinel phase or the formation of chrombismite. 
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3.5.3 Acceptor Dopants 


Acceptor dopants, as grain growth inhibitors, generally increase the threshold 
voltage by controlling the grain size to decrease the leakage currents and displace 
the J-V curve to lower current densities, which decrease the carrier concentra- 
tion. The number of grains between the electrodes decides the breakdown voltage 
and the energy absorption capability of ZnO varistors. Therefore, controlling the 
grain size is very important in the fabrication of ZnO varistors, which can be 
practiced by changing both the defect structure and the particle pinning of the 
grain boundaries. Ideally, the dopants used to control the grain growth would be 
different from those used to control the grain boundary potential barriers, but, at 
this stage, none of the dopants reported in the literatures appears to be inert and 
affect only grain growth [3]. Sintering in combination with some spinel-forming 
dopants, such as Sb,O3, TiO, and SnO,, allows the microstructure development 
and grain growth to be controlled [137, 138]. 

Sb,O, is a powerful grain growth inhibitor for ZnO [25, 66, 139] and enhances 
the solubility of ions, such as Zn in the Bi,O,-rich liquid phase; this is very impor- 
tant for the defect distribution formed at the grain boundaries during cooling 
[37], so its effect on the sintering behavior, grain boundary chemistry, and electri- 
cal performance of ZnO attracted much attention [139, 140]. Sb,O, is a standard 
spinel-forming dopant to produce fine-grained, high-voltage varistor ceramics. It 
enhances the nonlinearity and breakdown voltage, decreases the leakage current 
of the varistor ceramics, and reduces the evaporation of Bi,O, during sintering 
[83, 84]. However, the major role of Sb,O, is to control the growth of the ZnO 
grains [48]. 

Two roles are proposed for Sb,O,. One is to suppress grain growth by form- 
ing the Zn,Sb,O,, spinel. Above 700 °C, Sb,O, reacts with both ZnO and Bi,O, 
and forms Zn,Sb,O,, and Zn,Bi,Sb,O,, pyrochlore-type crystalline phases [45]. 
During sintering, the Zn,Bi,Sb,0,, decomposes a Bi,O,-rich liquid phase and 
Zn,Sb,O,, spinel-type crystallites. The Bi,O,-rich liquid phase changes to ß- or 
a-phase Bi,O,-rich intergranular layers during cooling. Zn,Sb,O,, precipitates 
at the grain boundaries. The inhibition of ZnO grain growth in the Sb,O,-doped 
samples is generally explained by a reduction in the mobility of grain boundaries 
by a pinning effect, caused either by the spinel particles of Zn,Sb,O,, or a fine 
Sb-rich film on the surface of the ZnO grains [66, 83, 141, 142] — with larger 
additions of Sb,O,, more spinel grains are produced and the ZnO grains become 
smaller. The other is the addition of Sb,O,, which also triggers the formation of 
IBs in practically every ZnO grain of the varistor ceramics [85]. The structure and 
chemistry of IBs in the Sb-doped ZnO were determined by Reénik et al. [143]. 
Daneu et al. [137] revealed their influence on grain growth, and the possibility to 
tailor the ZnO grain size with an IB-induced grain growth mechanism was con- 
firmed in the ZnO ceramics doped with small amounts of Sb,O, [48]; the number 
of very large grains is smaller in the ZnO-Bi,O,—Sb,O, system [64]. The addi- 
tion of Sb,O, increases the breakdown voltage of the grain boundary significantly 
[64]. More details related to the role of IBs will be introduced in Section 3.6. 

TiO, is commonly used as the grain-growth-enhancing additive to obtain 
a coarse-grained microstructure [144-147]. The TiO,/Bi,O; ratio defines the 
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phase equilibrium and hence the temperature at which the liquid phase occurs 
in the system, so the selection of a proper TiO,/Bi,O; ratio and the heating rate 
matter when it comes to obtaining the required low-voltage varistor ceramics. 
In TiO,-doped, ZnO-based varistor ceramics, the grain growth controlled by 
an IB-induced grain growth mechanism results in a coarse-grained microstruc- 
ture [48]. In low-voltage varistor ceramics, the grain growth is affected only by 
the primary Zn, TiO, spinels in compositions with a TiO,/Bi,O, ratio higher 
than 1.5, whereas in compositions with a lower ratio, the spinels that form 
together with the Bi,O, liquid phase in the decomposition reaction of the 
Bi, TiO}, phase have no effect on the grain growth [48]. 

It is found that the TiO, and Sb,O, dopants have a synergistic effect on the ZnO 
varistor, and the Ti/Sb ratio greatly influences the microstructure and electrical 
properties of the ZnO varistor. The grain size does not decrease monotonically 
with the decrease of Ti/Sb ratio. The specimen with a Ti/Sb ratio of 5 has the low- 
est breakdown field (20 V mm!) and improved DC degradation behavior. When 
the Ti/Sb ratio is decreased to 2, IBs appear to form in the ZnO grains, which 
result in the broad grain size distribution and reduce the average breakdown field 
of the sample [100]. 

Like Sb,O, and TiO,, the addition of SnO, to the ZnO-based ceramics also 
results in the formation of the Zn,SnO, spinel phase and triggers the formation 
of IBs in the ZnO grains [48]. The substitution of Sb,O, with SnO, results in 
an identical microstructure and a comparable breakdown voltage of ZnO-based 
varistor ceramics [94]. 

CeO, is another addition to physically significantly inhibit the grain growth of 
ZnO-Bi,O,-based varistor [101]. The average grain size decreases as the CeO 
concentration increases, resulting in a substantial increase in the breakdown 
field. The density of all the well-formed varistor samples was above 95% of the 
theoretical value. The influence of the CeO, addition on the nonlinear coefticient 
a is very weak, but the leakage current was improved via enhancing the ohmic 
resistance and breakdown voltage. Thus, incorporation of CeO, is likely to be 
one of the ways to achieve high electric field ZnO-based varistor materials for 
potential cost-effective applications. 

SiO, was also used to suppress the growth of ZnO grains [37], a part of which 
solutes in the Bi,O3-rich liquid phase to increase the viscosity of the liquid phase 
and weaken the growth of ZnO varistors, and the other part of additive SiO, acts 
with the ZnO grain to grow the spinel of Zn, SiO, and to obstacle the growth of 
ZnO grains. 


3.5.4 Amphoteric Dopants 


Many monovalent dopants (such as Ag, Li, and Cu) and trivalent dopants (such 
as Al, Ga, and In) have significant influences on the microstructural and electrical 
characteristics of varistors, obviously act as amphoteric dopants [105—108, 148- 
150], and occupy both the lattice and interstitial sites. Depending on the concen- 
tration and the site of its incorporation into the ZnO lattice — regular Zn sites 
or interstitial sites - amphoteric dopant can act both as a donor and an accep- 
tor, which defines its influence on the conductivity of the ZnO grains and also 
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the characteristics of the grain boundaries. Being both grain and grain boundary 
specific, the entire J-V curve is moved to the right when it acts as a donor and 
to the left when it acts as an acceptor. 


3.5.4.1 Monovalent Dopants 
Ag addition influences the microstructural evolution and electrical properties of 
ZnO varistors by occupying both the lattice and the interstitial sites [21, 111], 
which not only decrease the nonlinearity but also increase the resistance to degra- 
dation [3]. The addition of a very small amount of the Ag dopant increases both 
the grain and the grain boundary resistances. The Ag solutes tend to segregate 
at the grain boundaries, and this segregation of Ag* ions significantly raises the 
grain boundary resistance, which even increases one order of magnitude. The 
presence of Ag* segregating at the grain boundaries establishes a space charge 
zone near the grain boundary [151] and an electrostatic barrier against electron 
transportation. The barrier is approximately 2 V for a single grain boundary [111]. 
Agt would preferentially choose to sit in the vicinity of grain boundaries 
because of its large ionic radius [111]. The radius of Ag* is much larger than that 
of Zn”; the segregation of Ag ions may hence induce considerable disorder or 
distortion near the grain boundaries [152], which may provide routes or spaces 
for fast mass transportation. The ZnO grains thus grow faster because of the 
presence of Ag solutes near the grain boundaries [111]. Because of the charge 
difference between Agt and Zn?*, the substitution of Zn by Ag at the lattice sites 
would result in the formation of Ag acceptors, as suggested by [21] 


ZnO = 24 
2Ag—— 2Ag;,, + V2 (3.6) 


Because of the formation of Ag acceptors, the grain resistance increases [21]. 

Further increasing the Ag doping level lowers the grain boundary resistance. 
A large number of Ag inclusions are left at the grain boundaries and grain triple 
junctions after co-firing. Because the solubility of Ag in ZnO is low, a relatively 
large amount of Ag inclusions reduces not only the mean grain size but also the 
grain size scattering [111]. 

Doping Li has a similar effect as Ag. Both the electrical conductivities of grains 
and grain boundaries are lowered in the Li-doped ZnO. The Li doping causes the 
formation of acceptor levels in ZnO [99, 100]; this leads to lowered DC electrical 
conductivity of the Li-doped ZnO. 

Doping Cu can significantly decrease the electrical conductivities of both grain 
and grain boundaries [87]. The Cu-doped ZnO varistor is the most resistive, 
and the electrical conductivity is five orders of magnitude lower than that of 
the undoped ZnO. When the Cu-doped ZnO is experienced high temperature 
over 1000°C, Cu could exist in ZnO as Cut, which is probably more stable at 
high temperatures. Fons et al. [95] proved that the valence of Cu is +1 in the 
Cu-doped ZnO. The Cut ions are substituted for Zn** ions in the ZnO lattice 
and exhibit as an acceptor-type impurity [96-98]. Because the extrinsic donor is 
absent in the Cu-doped ZnO varistor, Cu* has to be compensated by either the 
intrinsic donor or the hole to maintain the electroneutrality, and the electrical 
conductivity in the n-type ZnO semiconductor decreases greatly by Cu doping. 
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The acceptors will be compensated by electrons in the grain because there are 
some intrinsic donors there. 

However, because the concentration of the intrinsic donors is much lower in the 
grain boundary, the acceptors have to be compensated by the holes in this region. 
Moreover, Cu doping also has a great effect on the grain boundary because of the 
same interaction with ambient oxygen as the other 3d transition metal impurities 
[87]. Because of the above two reasons, the grain boundary of the Cu-doped ZnO 
varistors is more resistive. The grain boundary is over two orders of magnitude 
more resistive than the grain, and the total resistance of the Cu-doped ZnO spec- 
imens is almost completely caused by the grain boundary. Kutty and Raghu [97] 
reported that the measurement range was about 1-1000 V cm™!. Cu can be an 
effective doping element to build up the potential barrier in the grain boundary 
of ZnO. 


3.5.4.2 Trivalent Dopants 

Carlson and Gupta [76] found that small additions of Al or Ga caused a delay in 
the onset of the upturn region. However, at higher levels of Al or Ga, the upturn 
region occurs at lower current density, and only small amounts of Ga or Al are 
required to generate high nonlinear coefficients a. In the low current density 
range, larger amounts of the dopants are required to achieve the same a values 
as in the high current density range. Overall, small additions of Al or Ga improve 
the high-current upturn characteristics and the nonlinearity. 

Al doping is more complex that it is accommodated both at the grain and grain 
boundaries; it acts as a donor in lower concentrations and as an acceptor in higher 
concentrations [73]. As a shallow donor, it increases the electrical conductivity of 
ZnO grains and improves the varistor behavior at high currents [21, 76, 98, 129, 
153-156], but it also results in an increased leakage current of the varistor in the 
prebreakdown region. As an acceptor, it reduces the leakage current of the varis- 
tor, but it also reduces the conductivity of ZnO grains, which has a negative eftect 
on the varistor response to high currents and hence its energy characteristics [74]. 

At lower concentrations of Al, up to a few thousand ppm, it is mainly the donor 
eftect that is observed, whereas at higher concentrations, above 10 000 ppm, the 
acceptor effect prevails [73, 76]. Doping with Al,O, influences the grain growth 
of ZnO even for amounts as small as several tens of parts per million added to the 
varistor composition [73, 76, 157]. The results indicate that the small amounts of 
Al,O, present in the Bi,O,-rich liquid phase at the sintering temperature hinder 
the ZnO grain growth [74]. Although at higher levels of doping, i.e. several thou- 
sands of parts per million, the inhibition is attributed to the decreased mobility 
of the grain boundaries because of the ZnAl,O, spinel phase [59, 158]. It showed 
that additions of Al,O, in the range up to a few hundreds of parts per million 
are optimal and that they significantly and specifically influence the threshold 
voltage, the nonlinear coefficient, and the leakage current of the varistor [74]. 

By using energy-dispersive X-ray spectroscopy (EDXS) and WDXS analysis, 
most of the Al was distributed between the Zn,Sb,O,,-type spinel phase and 
the ZnO phase, whereas only a smaller share either remained dissolved in 
the Bi,O3-rich phase or possibly segregated at the grain boundaries of ZnO, 
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but which strongly influenced the current-voltage characteristics of the grain 
boundaries and also the grain growth [74]. 

There is a transition from donor-type behavior to acceptor-type behavior. 
Miyoshi et al. [105] observed the transition doping level for Al from 2000 to 
20000 ppm. Gupta [106] predicted that the transition for Ga would be at a 
lower level than that of Al because of the larger ionic radius of Ga (0.62 A for 
Ga and 0.53A for Al). It is concluded that the transition between the donor- 
and acceptor-like behavior occurs for the additions of Ga between 1500 and 
2000 ppm. 

The breakdown fields of gallium-containing varistors are higher than those of 
the gallium-free varistors, as a result of the change in the grain size. As the gal- 
lium content is increased from 1000 to 1500 ppm, the leakage current density 
increases significantly. This is consistent with the donor-type behavior caused by 
the substitution of gallium on zinc lattice sites, as described by [148] 


1 ZnO 1 = 
5605 — Gat, + OX + zoe) te (3.7) 


Substitution of Ga** ions into zinc lattice sites results in an increase in carrier 
concentration. This increases the leakage current by decreasing the resistivity of 
the grain boundary. 

The donor effect on the high current resistivity in the upturn region has been 
widely investigated [76, 105], and it has been shown that the donor ions such 
as Alt, Ga?*, and In** can indeed delay the onset of voltage upturn to higher 
current density. The effectiveness of donor doping becomes clear by examining 
the dynamic “apparent resistivity” of the varistor, which is shown in Figure 3.9 as 
a series of isoresistivity lines superimposed on the J-V curve, with the magnitude 
of resistivity (decreasing from the left to the right) from that of the grain boundary 
to the grain. From this simple representation of the Z-V curve combined with the 
knowledge of expected resistivity at each point of the J-V curve and the fact that 
the upturn region is grain resistivity controlled, note that a simple decrease in 
grain resistivity is all that is needed to increase the high current nonlinearity of 
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the varistor. Both Al?+ and Ga** have been shown to decrease the grain resistivity 
and increase the high current nonlinearity of the varistor [3]. Figure 3.10 shows 
the dramatic effect of Al?+ doping on the high current nonlinearity of the varistor 
[76], and the beneficial effect of 0.02 wt% A1,O, on the onset of voltage upturn 
is clearly indicated by the extended flatness of the J-V curve to higher current 
density. This translates to a higher nonlinear coefticient from 16 with no addition 
of Al,O, to 31 with 0.02 wt% A1,O, in the current range of 0.5—750 A cm~?. The 
grain resistivity decreases correspondingly from 0.76 to 0.18 Q cm™!. 

The subsequent increase of gallium doping to 2000 ppm and higher caused the 
leakage current density to decrease and remain low. The net increase in the grain 
boundary resistivity, accompanying the transition to the acceptor-type behavior 
for Ga, may occur as Ga ions begin to occupy sites normally occupied by zinc 
interstitial ions [148], i.e. 


5,0, + Gar +h+ =0,(8) (3.8) 


where Ga; is the gallium ion in the zinc atom interstitial site and h is the hole 
with a positive charge. 

Fe,O, is a fatal additive for the ZnO—Bi,O, system [159]. The replacement of 
Zn?* by Fe3* does not influence the Wurtzite structure of undoped ZnO samples, 
and other impurity phases are not formed. However, Sedky et al. [102] claimed 
that further addition of Fe doping improved the nonlinear properties of the ZnO 
varistor, and the electrical barriers could be formed. Moreover, doping by Fe is 
found to reduce the electrical conductivity of pure ZnO samples. It seems that 
Fe doping affects the bulk conductivity of ZnO probably by aftecting the defect 
chemistry of the bulk ZnO, and it behaves as a deep donor and depresses the 
concentrations of the intrinsic donors at the sintering temperature. However, Fe 
doping does not give a direct contribution to the conductivity of ZnO because the 
Fe deep donors cannot be ionized at room temperature because of their high ion- 
ization energy (~2 eV). It is supposed that the Fe** ion, as well as the Al** one, can 
enter into the structure and have preference for interstitial sites by substituting 
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Zn on its regular site at first and then moving to the interstitial position. At an 
interstitial position, the Fe ion follows the following reaction and absorbs an elec- 
tron [87, 160]: 


5Fe,0, + Fer +h+ Žo) (3.9) 


where, Fe; is the ionized Fe atom in an interstitial site and h is the hole with a 
positive charge. In this case, Fe behaves as an acceptor, dominates the donor 
effect, and decreases the conductivity in the region (0.00<x < 0.1). With an 
increasing Fe content (0.10 < x < 0.5), the solubility limit of Fe through the 
interstitial position is approached, and Fe behaves as an acceptor. The acceptors 
have to be compensated by the holes in this region and keep the conductivity 
unchanged [102]. 


3.5.5 Effects of Rare Earth Oxides 


Many studies [112—119, 161-176] have been made in order to understand the 
influence of different rare earth oxides (REO) (such as Pr,O,,, Y,O3, La,O,, 
Nd,O,, Er,O,, Ce,O3, Dy,O3, and Ho,O,) on the microstructure and electrical 
properties of the ZnO varistor ceramics. These investigations indicate that the 
REO play an important role in controlling different operation parameters of 
the ZnO varistor devices. The REO apparently promotes the pyrochlore-phase 
formation, significantly increases the breakdown field without deterioration in 
the performance of the varistor, and allows reaching a large energy absorption 
capability value for the high threshold voltage ZnO-based varistors. Varistors 
present more active grains and hence a larger conduction section, which 
accounts for large absorption capability [112]. 

The influence of REO on the microstructure of samples is very significant, 
which decreases the sizes of both ZnO grains and spinel phases. Compared 
to the case without REO, the main REO effect is to return the microstructure 
of more homogeneous varistor because of the spinel phases and the finer 
pyrochlore (with Pr and with Nd) formation, which distribute everywhere 
in the ZnO grain junction length. The results might be explained from the 
microstructure formation, and REO apparently promote the pyrochlore-phase 
formation. Furthermore, there is less liquid for material transfer and for spinel 
growth. In other words, the “pinning action” of the spinel grains directly depends 
on the pyrochlore formation and decomposition [112]. The morphology of 
ceramics is strongly modified by the presence of a small quantity of REO. 
Insulating spinel clusters are transformed into individual spinel grains that are 
distributed alternatively with pyrochlore phases Pr or Nd to the place of the 
triple joints of ZnO grains. There remain only ZnO grains and grain boundaries 
in the conduction chain between the electrodes. It results in increasing energy 
absorption capability [112]. 

It is well known that rare earth elements can improve the electric field 
of ZnO-based varistor ceramics and show similar effects to Bi,O,, which 
makes potential barriers at the grain boundaries by becoming itself a layer of 
intergranular material and by supplying ions to the ZnO grain boundaries [170]. 


3.5 Dopant Effects 


The microstructure and electrical properties of Ho,O,-doped Bi,O,-based 
ZnO varistor ceramics were investigated [112]. The microstructure shows a 
decrease in the grain size of the ZnO phase with the Ho,O, doping content. The 
EDAX and XRD analysis show the presence of ZnO, Bi-rich, spinel Zn,Sb,Oj), 
and Ho,O,-based phases. The nonlinear coefficient obtained from electric 
field—current density plots has a maximum value of 78 for the ceramics with 
0.50 mol% Ho,O, content, and the leakage current has a respective minimum 
value of 1.30 pA. The breakdown field was found to increase with the Ho,O, 
content. 

The ZnO-Bi,O,-based varistor ceramics doped with 0.3 mol% Sc,O, prepared 
by high-energy ball milling and sintered at 1000°C exhibited not only high non- 
linearity with a nonlinear coefficient of 62.1 but also a high breakdown field with 
a value of 821 V mm! of the threshold voltage [172]. The results also confirmed 
that doping with Sc,O, is a very promising route for the generation of electronic 
properties of the ZnO-Bi,O,-based varistor ceramics. 

The La,O3-doped ZnO-based varistor ceramics with the addition of 0.08 mol% 
La,O, exhibit comparatively ideal comprehensive electrical properties [173], the 
threshold voltage is 320 V mm", the nonlinear coefticient is 36.8, and the leakage 
current is 0.29 pA. The doping of La,O, affects the formation and decomposi- 
tion of pyrochlore. Although another study [174] showed that the varistors with 
0.5 mol% La,O, exhibited excellent nonlinear properties, the nonlinear coefti- 
cient equals to 81.6 and the leakage current is 0.2 pA. 

However, degradation is accentuated with REO addition. Nahm et al. [177] and 
Wang et al. [178] reported that the addition of Nd,O, to the ZnO-based varistors 
can greatly enhance the nonlinearity of the varistor’s behavior, but the varistors 
exhibit very poor behavior in breakdown field. The breakdown field decreases 
with the increase of Nd,O, content when the content of Nd,O, is 0.04 mol% 
[179]. Bernik et al. [117, 180] also found that the fine-grained Y,O,-containing 
phase present at the grain boundaries strongly inhibits ZnO grain growth, 
whereas the leakage current increases with increasing amounts of Y,O,. 


3.5.6 Dopants for Improving the Stability 


ZnO varistors are usually subject to a continuous electrical stress; the continuous 
leakage current and the resultant Joule heat may degrade the electrical properties 
of the device. Therefore, in addition to nonlinearity, the electrical stability is a 
technologically important characteristic of the ZnO varistors. 

Na, K, Li, and Ag, are grain-boundary-specific dopants and act as donors in 
small concentrations and as acceptors in large concentrations. By being exclu- 
sively grain boundary specific, Na and K also improve the stability of the varistor, 
which is controlled by the grain boundary leakage [73]. Usually, AgO is added to 
improve the stability of ZnO varistors [21, 108, 111, 181]. 

The DLTS has been successfully applied to the ZnO varistors [181-186]. DLTS 
measurements can be used (i) to identify the traps in barrier depletion regions 
and the associated defects that may be responsible for the changes in the elec- 
trical properties, (ii) to probe the energy levels of the traps, and (iii) to provide 
information about the density of the traps. Such data can aid our understanding 
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Figure 3.11 DLTS spectra for ZnO varistor samples doped with different additives (the rate 
window time constant, t = 5 ms). Source: Adapted from Fan and Freer 1994 [181]. 


of the effect of additives on the electrical properties of ZnO varistors. Figure 3.11 
shows the DLTS spectrums of ZnO varistors of a typical commercial composi- 
tion (ZNR) and the specimens doped with Al and Ag [181]. The traps L, and L, 
are located at 0.15 + 0.01 and 0.25 + 0.01 eV below the conduction band, respec- 
tively [187]. Therefore, the L, trap level can be associated with the nonlinearity of 
ZnO varistors; the higher the L, trap density, the higher the nonlinearity expo- 
nent, which may be caused by extrinsic donor defects, including monovalent and 
trivalent dopants. 

Gupta and Carlson [187] suggested that the migration of interstitial zinc ions 
(Zn;) was responsible for the lowering of the height of Schottky barriers, and this 
in turn caused the degradation of electrical properties. Based on this model, cou- 
pled with the observations of Kawaguchi et al. [188], from which photosensitivity 
in ZnO may be due to zinc interstitials, and after annealing most zinc interstitials 
diffused out and the photosensitivity of ZnO almost disappeared, and the exper- 
imentally determined ionization energy of zinc interstitials [189-192] (~0.2 eV 
for Zn,?*), Rohatgi et al. [58] suggested that the deep-level L, in the DLTS spectra 
may very well be zinc interstitials. The L, trap level appears to be closely associ- 
ated with the stability of ZnO varistors: the higher the L, density, the lower the 
stability of the samples. The trap density may reflect the concentration of zinc 
interstitials. 

Under the conditions of electrical stress, the movable positively charged zinc 
interstitials in the depletion region migrate toward the interface of the Schot- 
tky barrier [187], where they are converted into neutral zinc interstitials (Zn;) by 
the reaction with negatively charged zinc vacancies, the latter are converted into 
neutral vacancies. This loss of charge causes a reduction in the grain boundary 
barrier height. Thus, the higher the concentration of zinc interstitials, the greater 
the reduction in the barrier height and the lower the stability of the varistor. In 
contrast, when the varistors are doped with monovalent Ag, the large silver ions 
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(ionic radius 1.25 A) behave in a way similar to monovalent Na* (~1.33 A) and K+ 
(~0.97 A) [149], which could occupy the interstitial sites. Thus, the presence of 
Ag ions on sites normally available for zinc interstitials would (i) effectively block 
the formation of zinc interstitials on such sites and (ii) restrict the routes available 
for the migration of zinc interstitials. Hence, Ag doping decreases the concentra- 
tion of zinc interstitials, which is reflected in the lower L, trap density in the DLTS 
spectra, giving the Ag-doped varistors better degradation characteristics than the 
Al-doped specimens [181]. 

It is known that Al,O, can improve the nonlinearity of ZnO varistors, but it 
also tends to lead to a degradation of device stability [11]. In contrast, Ag,O addi- 
tions may decrease the nonlinearity but improve the stability [12]. The optimum 
combination of A1 and Ag doping can improve both the nonlinearity and the sta- 
bility of ZnO varistors [11]. From Figure 3.11, trivalent A1 doping increases the 
densities of both the L, and L, traps, and presumably, the concentration of zinc 
interstitials, such sample (Al), has the best nonlinearity characteristics but is less 
stable. In contrast, doping with monovalent Ag decreases the densities of the two 
traps sharply, and the Ag-doped sample (Ag) has inferior nonlinearity, but better 
stability. An optimum combination of A1 and Ag doping gives a high L, trap den- 
sity and a low L, trap density; such samples (Al + Ag) exhibit good performance 
in terms of both nonlinearity and stability. 


3.5.7 Evidence for Hydrogen as a Shallow Donor 


Hydrogen was also investigated as a doping element in ZnO, and hydrogen was 
introduced into ZnO by the ion implantation method. Based on a first-principles 
investigation, Van de Walle [193] presented theoretical evidence that hydrogen 
acts as a source of conductivity: it can incorporate in high concentrations and 
behave as a shallow donor. It is in contrast to the traditional idea that native 
defects cause the n-type conductivity [194]. The recent first-principles calcula- 
tion revealed that none of the native defects exhibits characteristics consistent 
with a high-concentration shallow donor [195]. Hydrogen is an excellent candi- 
date for the impurity that is unintentionally incorporated into ZnO [193]. The H* 
ions in ZnO can move readily from the interstitial site to the neighboring oxygen 
site and forms OH ions in the form of (O,H;)*. Here, O,, H;, and * represent the 
O atom on the oxygen lattice site, H atom in the interstitial site, and the singly 
ionized donor, respectively. According to the calculation results, the (O,H;)° unit 
can be regarded as a new type of donor delivering an electron into the conduc- 
tion band, which can turn the oxygen into a sort of doping element, in agreement 
with the present experimental results. It also gives rise to unusually large lattice 
relaxations. Therefore, controlling the conductivity of ZnO thus requires careful 
control of hydrogen exposure during and after growth [193]. 


3.6 Role of Inversion Boundaries 


IB, which is often also called twin boundaries [74], plays an important role in 
both the grain growth and the electrical performance formation of ZnO varistor 
ceramics [83, 196]. In the noncentrosymmetric structure of ZnO, IBs are the most 
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common type of planar faults that can be triggered by the addition of specific 
spinel-forming dopants (Sb,O,, SnO,, TiO,, Fe,O,, and In,O3) [66, 197-199]. 
Interestingly, Rečnik et al. [143] determined the structure and chemistry of IBs in 
Sb-doped ZnO using quantitative transmission electron microscopy techniques. 
IBs are growth faults and crystallize in a head-to-head interfacial configuration 
with the polar c-axes of the two ZnO domains pointing toward the IB plane. 
This type of inversion alters the surface ionic configuration of ZnO grains in 
such a way (oxygen-terminating planes) that this might affect the ZnO-ZnO 
grain-boundary resistance and, consequently, improve the nonlinear character- 
istics of the varistor device. 

In ZnO-based varistor ceramics doped with Sb,O,, both Zn,Sb,O,, spinels 
[66, 83, 200] and Sb-rich IBs [83, 197], were observed, and IB almost formed in 
every ZnO grains [64]. The pinning effect of spinel particles and the presence of 
IBs inhibit ZnO grain growth, which effectively reduces the average grain size 
and the distribution of grain size [69, 83, 143, 146, 201, 202]. Small amounts of 
Sb,O, can trigger the formation of IBs in practically every ZnO grain because 
of the high partial pressure of Sb,O, at low temperatures and its effective 
distribution along the grain boundaries [48]. In Sb,O3-doped varistor ceramics 
with a Sb,O,/Bi,O, ratio below 1, the major growth-controlling mechanism is 
an IB-induced grain growth mechanism, whereas the spinel phase that forms 
together with the Sb,O,-rich liquid phase in the decomposition reaction of the 
Bi;Zn,Sb,O,, pyrochlore phase has a minor influence, although the primary 
spinel phase formed via the reaction of Sb,O, with ZnO in compositions with a 
Sb,O,/Bi,O, ratio larger than 1 can have an influence on the grain growth [48]. 

A typical microstructure of the ZnO-based varistor ceramics is shown in 
Figure 3.12a [203]; the so-called particle pinning mechanism, based on Zener’s 
drag phenomenon, should act as an inhibiting force working against the ZnO 
grain growth [85]. This explanation was supported by the fact that adding higher 
concentrations of grain growth controlling additives resulted in the formation of 
more spinel grains [49, 50]. As with the increasing concentration of spinel grains 
also the ZnO grain size becomes smaller, the spinels are consequently held 
responsible for inhibited ZnO grain growth. SnO, [204], which is occasionally 
used in complex varistor compositions [205-207], also triggers the formation 
of IBs in ZnO. Daneu et al. [137] showed that the IBs in SnO,-doped ZnO 
varistor caused anisotropic grain growth in the early stages of sintering. ZnO 
grains that include IBs grow exaggeratedly, at the expense of normal grains, 
until they dominate the microstructure, as shown in Figure 3.13a [203]. In the 
samples with lower SnO, content, grains will be fewer and larger [137], and, 
on the contrary, higher additions of SnO, lead to an increase in the number 
of grains with IBs and to a more fine-grained microstructure. The increasing 
amount of secondary phases is also related to a higher level of SnO, addition, 
as shown in Figure 3.13b [203]. However, the influence of these phases on ZnO 
grain growth is subordinate to the role of IBs. The increase in the number of 
grains including IBs is accompanied by an increase in the number of spinel 
grains. If the starting microstructure contains only a few nuclei, large ZnO 
grains will be obtained, including intragranular spinel particles, whereas a larger 
number of nuclei will lead to a fine-grained microstructure with predominantly 
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Figure 3.12 Typical microstructures of ZnO-based varistor ceramics: (a) high-voltage varistor 
ceramics with fine-grained microstructure — grain growth is inhibited because of (spinel) 
particle-pinning mechanism (dopants: Sb,O, and SnO,). (b) Low-voltage varistor ceramics 
with a coarse-grained microstructure — exaggerated grain growth is caused by the presence of 
IBs in some ZnO grains (TiO, doping). Spinel particles are overgrown. Source: Daneu et al. 2011 
[203]. Reproduced with permission of IOP. 
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Figure 3.13 A schematic presentation of IB-induced grain growth mechanism: (a) low 
concentration of IB nuclei leads to the formation of larger grains as the mean free path for 
grain growth is larger; (b) high concentration of IB nuclei leads to the fine-grained 
microstructure. Source: Daneu et al. 2011 [203]. Reproduced with permission of IOP. 


intergranular spinel particles [137]. The reason for this is that ZnO grains with 
low additions of dopants grow more extensively, and particles of secondary 
phases caught on a growth front are overgrown. With higher SnO, addition, 
grains with IBs grow by only a small amount before they collide, and hence, they 
cannot overgrow intergranular particles of secondary phases. In this view, 
secondary phases produced by the additions of SnO, in amounts typical for 
varistor compositions do not significantly influence the growth of ZnO grains. 
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However, at high additions of SnO,, the concentration of secondary phases may 
additionally hinder grain growth by a particle-pinning mechanism [137]. 

IBs and spinel particles are also present in ZnO-based varistors doped with 
TiO, [146, 147], which, in contrast to Sb,O,, are known to promote the growth 
of ZnO grains. ZnO grains with IBs grow exaggeratedly along the fault plane as 
shown in Figure 3.12b [203], whereas the Zn, TiO, spinel particles easily over- 
grow and have no obvious influence on grain growth and microstructure devel- 
opment [146]. 

Daneu et al. [137] reported that the grain growth in the early stages of sintering 
was strongly influenced by the presence of IBs in the ZnO grains. At the beginning 
of grain growth, the IB-forming dopant is homogeneously distributed through- 
out the sample. The distribution of the dopant is controlled by diffusion in the 
solid state or is liquid-phase assisted in the presence of Bi,O,. Below the temper- 
ature of the spinel-phase formation, IBs form in some of the ZnO grains. These 
grains are nuclei for subsequent anisotropic grain growth. In the samples with 
larger SnO, additions, more nuclei are formed. As the growth proceeds, these 
grains grow more rapidly than do the normal grains. The growth of the whole 
crystallite is controlled by the growth of an inherent planar fault. In the initial 
stage of the [B-induced growth, grains with IBs grow preferentially in the direction 
parallel to the IB plane and may reach unusually high aspect ratios. The result- 
ing grains become highly elongated (tabular), as illustrated in Figure 3.12b [203]. 
When the longer axes of the elongated grains reach the length equal to the mean 
distance between the grains that contain IBs, they start to collide. If there are 
more nuclei, collisions occur sooner, and the resulting grains are smaller. When 
two such grains impinge on each other, the growth in the direction parallel to 
the IB is stopped. At this stage, another growth mechanism prevails, causing the 
elongated grains to thicken. This stage is to be compared with seed growth, where 
larger grains grow exaggeratedly in a matrix of surrounding small grains. These 
grains have an extremely large radius of curvature normal to the longer axis. The 
requirement to reduce the total particle surface area causes the small ZnO grains 
to dissolve and deposit onto the longer planar surfaces of larger grains containing 
IBs, as illustrated in Figure 3.13a [203]. The final microstructure comprises only 
the grains with IBs. 


3.7 High Voltage Gradient ZnO Varistor 


ZnO varistors with high voltage gradient will reduce the size of protection 
devices and surge arresters, especially for the 1000-kV ultrahigh voltage system. 
The metal oxide surge arresters for gas-insulated substation (GIS) are of tank 
type, and all ZnO varistors and related components are assembled in a steel 
tank fill with the SF, gas. If the voltage gradient can reach 400 V mm“, then the 
length of the 1000 kV GIS surge arrester would be shortened to about 5000 mm; 
this would lead to potential distribution along the varistor column uniform, and 
the complicated structure of the grading capacitors can be canceled. According 
to the analysis for 1000 kV surge arresters [208], the theoretical limit value of 
square-wave energy absorption density is 517 J cm~, the limit value of voltage 
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gradient is 686 Vmm7!, and the ideal voltage gradient for tank-type GIS surge 
arrester is 426 V mm™!, while 430 V mm! was suggested [209]. 

The voltage gradient of the ZnO varistor is decided by an average grain size. 
Generally, it is suggested to develop high voltage gradient ZnO varistors by 
inhibiting the grain growth [210-212]. As discussed before, decreasing the sin- 
tering temperature and shortening the temperature-keeping time are available 
to reduce the grain size but may lead to V—/ characteristics, energy absorption 
capability, and a decrease in the aging performance of ZnO varistors. Suitable 
additives, such as Sb,O3, CeO,, or SiO, can also inhibit the growth of ZnO 
grains by the spinel pinning effect and the IB effect. On the other hand, the rare- 
earth oxides in the ZnO-Bi,O,-based varistor ceramics are also used to increase 
the voltage gradient of ZnO varistors [117, 118, 180], but the nonlinearity of the 
ZnO varistor becomes bad, and the leakage current is high. 

In order to investigate the effects of Y,O, on the electrical characteristics of 
the ZnO varistor, the prescription were prepared from a mixture of (95.8—x) 
mol% ZnO, 0.7 mol% Bi,O3, 0.5mol% MnO,, 0.5mol% Cr,O3, 0.007 mol% 
AI(NO) 3, 1 mol% Sb,O3, 1.25 mol%SiO,, 0.5 mol% Co,O , and x mol% Y,O3, 
where x ranges from 0 to 2mol%, and the samples were sintered at 1125°C 
for four hours [118]. The electrical characteristics of the samples are shown in 
Table 3.2 [118]. When the ratio of rare earth oxide dopants increases from 0 
to 2.0 mol%, the average size of ZnO grains, d, decreases from 10 to 5.6 um, 
and the respective voltage gradient F,,,, increases from 263 to 584 V mm™!. 
At the same time, the nonlinear coefticient a decreases from 53 to 14, the 
leakage current increases from 2 to 45p1A, and the average voltage per grain 
boundary, va, is increased from 2.64 to 3.28 V [118]. The voltage gradient and 
the leakage current density increase as the amount of doped Y,O, increases, but 
the nonlinear coefficient a and the average grain size monotonously decrease as 
the content of the doped YO, increases. To ensure the mass density of samples 
reaching the maximum, the sintering temperature ought to be ranged from 1130 
to 1190°C. The high mass density might improve the aging characteristic and 
energy handling capability. 

The ionic radius (0.90 A) of Y** is much greater than the one of Zn?* (0.60 A). 
If Y** ions solidly solve into the ZnO lattices to substitute the Zn?* ions, those 
might induce the distortion of the ZnO lattices, the large internal stress at lattices, 


Table 3.2 Microstructure and electrical parameters of the varistor samples with various Y,0, 
contents. 


Y,0; E, mA L Na 

content (mol%) (V mm™’) (pA cm~?) a d (pm) (102 m~?) $, (eV) 

0 263 2 53 10.0 2.01 0.88 

0.5 355 4 30 8.4 2.29 1.01 
401 24 20 7.7 2.92 1.24 

2 584 45 14 5.6 1.58 0.96 


Source: He et al. 2008 [118]. Reproduced with permission from Springer. 
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and high energy state. Therefore, the solid solution is difficult to appear under 
normal circumstances. Therefore, the Y°+ ions are usually observed in the grain 
boundaries and spinal phases by the energy-dispersive spectrometer (EDS) anal- 
ysis, but not found inside the ZnO grains. 

The XRD patterns indicate that the ZnO phase, Zn,Sb,O,,-type spinel phase, 
and y-Bi,O, phase are observed in the samples without Y,O,, whereas in the 
samples doped with Y,O , an additional Y,O3-containing phase is detected, and 
the exact composition of this new phase is difficult to determine. Bernik et al. 
[117] considered it to be a Bi-Zn—Sb-Y—O phase with traces of oxides of Cr, Mn, 
Co, and Ni by EDS analysis. As the Y,O, content increases, the relative intensity 
of Zn,Sb,O,,-type spinel phase decreases, whereas that of the Y,O,-containing 
phase increases at the same time. The Y,O,-containing phase forms only in the 
presence of Sb,O,; otherwise, the Y,O, incorporates into the Bi,O3-rich phase, 
and the average ZnO grain size of the sample without Sb, O, is more than doubled 
in comparison to the Sb,O3- and Y,O3-codoped samples [180]. 

It is widely recognized that the nonlinear J—V characteristics of ZnO varistors 
come from the double Schottky barriers in the grain boundaries, the experimen- 
tal results that the leakage current increases as the content of the rare earth oxide 
increases, and cannot be well understood if only the double Schottky barriers are 
considered. Levinson and Philipp [1] proposed a model of parallel path conduc- 
tion between grains, as shown in Figure 3.14 [166]. Path 1 is in the region of the 
double Schottky barrier, and Path 2 passes through the bulk intergranular mate- 
rials at grain triple junction, which is almost temperature insensitive. This model 
gives a clue to the explanation of the above experiments. 

As a conclusion, the intergranular materials at the grain corners have an 
important influence on the characteristics of ZnO varistors. The increased 
leakage currents of ZnO varistors with Y,O, dopants are mainly due to the 
bypass paths through the intergranular materials at the grain corners. As the 
sintered ZnO grain sizes become smaller owing to the inhibition effect of the 
Y,O, dopant, the ZnO grain number increases, as well as the total surface area 
of all grains. The amount of grain boundary additives in the raw materials almost 
keeps unchanged, so that the average thickness of each grain boundary reduces, 
including the intergranular materials at grain corners. Thus, the varistor samples 
with Y,O, doped have large currents through the intergranular materials at 
grain triple junctions. 

Bernik et al. [117] showed that Y,O, doping results in an increase in the density 
of interface states and an even greater rise in the donor density. Generally, the bar- 
rier height increases with an increase in the density of interface states; however, 


Double- Figure 3.14 The parallel 
Schottky path conduction between 
. “Bulk” barrier the ZnO grains. Source: Hu 
intergranular et al. 2010 [166]. Reproduced 
material 


with permission of John 
Wiley & Sons. 
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Table 3.3 Microstructure and electrical parameters of the varistor samples under different 
prescriptions [211]. 


Ema 4, d Na %, 
No. of prescription (mol%) (Vmm-') (wAcm-?) @ (pm) (103m) (eV) 
0.5Mn,O,+1C0,0,+0.5Ni,0, 477 15 48 66 3.49 1.07 
0.5Mn,O, +1.5Co,0,+0.5Ni,0, 455 6 53 76 2.27 1.14 
0.75Mn,O; + 1Co,0 365 2 51 8.6 2.25 1.16 
0.75Mn,O, + 1.5Co,0,+0.5Ni,0, 492 1 76 70 2.09 1.43 


a larger variation rate of donor concentration prevailed and the barrier height 
decreased with larger amounts of Y,O,. The barrier height decreases with the 
amounts of Y,O3, increasing from 1.12 eV in the Y,O,-free sample to 0.78 eV for 
the Y,O,-doped samples. The depletion layer width was observed to decrease as 
well. An increase in the donor concentration can also contribute to an increase in 
the leakage current, and this is particularly significant in the sample with 0.9 mol% 
of Y,O3. 

A possible solution to effectively restrain the leakage currents of ZnO varistors 
doped with Y,O, is doping more amount of grain boundary additives, such as 
MnO,, Co,O3, and Ni,O, [118]. These additives can improve the properties of 
double Schottky barriers and increase the resistance of the intergranular material. 
Therefore, some optimization prescriptions were prepared to inhibit the leakage 
current of ZnO varistors with 2 mol% doped Y,O,, as shown in Table 3.3 [211]; 
the prescription 4 is the best optimization one because of a low leakage current of 
1 pA, high voltage gradient of 492 V mm |, and high nonlinear coefticient of 76. 

Indium was also doped to reduce the low leakage current and tailor high non- 
linear coefficient of a Y-doped ZnO varistor [213-217]. At a given concentration 
of the rare earth element yttrium, the leakage currents of sintered varistors first 
decrease markedly as the indium doping content increases, before increasing at 
higher doping levels. The nonlinear coefticient shows the opposite trend. The Int 
ions present at the grain boundaries as a donor increase the barrier height and 
further inhibit the increasing leakage current. When doping 0.025 mol% indium 
and 0.9 mol% yttrium, the sintered varistors show optimal electrical properties 
with a leakage current of 4.15 pA cm~?, nonlinear coefficient of 51.84, and voltage 
gradient of 616 V mm™ [213]. 


3.8 Low Residual Voltage ZnO Varistor 


3.8.1 Residual Voltage Ratio 


The residual voltage of ZnO varistor refers to the maximum voltage at both ends 
of the samples under nominal current. The residual voltage ratio K is defined as 


V E 
R= (3.10) 
Viia E, 
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where V, is the residual voltage under nominal discharge current, Vma is the 
breakdown voltage under 1mA DC current, usually it is replaced by the break- 
down electrical field £,, and E, is the electrical field under nominal discharge 
current. ZnO varistors applied in surge arresters with different rated voltage or 
manufactured by different factories have different section areas. Therefore, the 
nominal discharge current has several rated values to measure the residual volt- 
age of the arrester for different rated voltage levels, such as 1.5, 2.5, 5, 10, and 
20 kA. The E, in 1000 kV ultrahigh voltage AC power system is measured at the 
impulse current of 63.7 A cm”, which is decided according to the residual voltage 
experiment of the arresters used in 1000-kV power systems, in which the surge 
current of 20 kA is used upon four parallel varistor columns with the diameter 
of 10 cm to test the impulse residual voltage. However, E, in a 10 kV distribution 
power system is about 662 A cm7?, in which the surge current of 5 kA is used one 
varistor columns with the diameter of 3.2 cm. Therefore, E, or E, is in a range for 
different section areas and different nominal measurement currents, as shown in 
Figure 3.15, in which AB and CD are the range of E, and E respectively, where 
A and C are the residual voltage ratio K measuring the point of varistor with the 
largest section area and B and D are the residual voltage of the varistor with the 
smallest section area. From Figure 3.15, the K calculated from AC is less than 
that calculated from BD; therefore, the varistor can obtain a low residual voltage 
ratio K by enlarging its section area. Unfortunately, the section area is limited 
by the fabrication process, and it is hard to expand unlimitedly. According to 
Eq. (3.10), K is proportional to £, and inversely proportional to E,. Hence, in 
order to lower the K, the current density versus the electrical field (J-E) charac- 
teristic of the varistors ought to adjust as the arrows shown in Figure 3.15. Arrow 
1 means increasing the E,e¢ and arrow 2 means decreasing the E,, which are the 
principles to lower the residual voltage. Therefore, the methods to decrease the 
residual voltage ratio K should decrease the E,, and/or increase the E,.¢. From 
Figure 3.15, we can see that E,, can be decreased by moving the curve to the right. 
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Figure 3.15 The current density vs the electrical field (J-E) characteristic of the varistors. 


3.8 Low Residual Voltage ZnO Varistor 


The upturn represents the voltage drop in the grains. If donor doping reduces 
the grain resistance, the voltage increase will be retarded, and the upturn will be 
delayed to higher current density [73]. It is known that donor ions such as Al**, 
Ga**, or Int can indeed delay the onset of the upturn voltage [25, 76]. 

The residual voltage ratio is determined by the breakdown voltage V,,,, and 
the residual voltage V,, which present two regions in the conduction process. 
The conduction process inside the microstructure of the ZnO varistor was sim- 
ulated [3], and the distribution of the current inside the ZnO varistor is entirely 
distinct under different applied voltages. In the ohmic region, the current passes 
uniformly through the whole varistor. However, about 75% of the current concen- 
trates on one path when the current reaches about 1 mA. Although the current 
density reaches more than 60 Acm7”, several current paths appear inside the ZnO 
varistor and the most portion of the current concentrates in those paths. The 
value of Vima is determined by the total series resistance of the grain bound- 
aries in the concentrated current path. Assuming that the resistance of each grain 
boundary in the path is almost the same, therefore, the value of Vma is depen- 
dent on the number of grain boundaries in the path. The more the number of 
grain boundaries in the path, the higher the value of Vima. The number of grain 
boundaries in the current concentration path is the least one inside the whole 
varistor, which is decided by the average grain size d and the unevenness of grain 
sizes, o,, where o, = g/d, ø is the standard deviation of grain sizes, and the value 
of Vima decreases when c, increases. In the residual voltage region, there are 
several current paths inside the ZnO varistor; thus, the value of V, is influenced 
mainly by d and has little relation with o,. Therefore, the residual voltage ratio K 
increases as the unevenness o, increases, and the variation of the residual voltage 
ratio is in accordance with that of the unevenness of grain sizes [155]. 


3.8.2 Low Residual Voltage ZnO Varistors by Doping Al 


The residual voltage of ZnO varistor in the upturn region is decided by the resis- 
tivity of the ZnO grain. Some literatures had reported that dopants such as Al*+ 
or Ga*+ ions were utilized to enhance the electrical conductivity of ZnO grains 
[76, 87, 129, 218-221]. Al dopants in ZnO act as donors. Al ions substitute for Zn 
ions in the lattice, increasing the donor density and decreasing the resistance of 
ZnO grains. Lower grain resistance results in improved J-V characteristics. A13* 
is believed to easily substitute for Zn?* in the lattice [76, 222], and displaced Zn 
ions may combine with oxygen to form ZnO, but in addition, they may occupy 
other available vacant interstitial sites and generate more zinc interstitials in the 
bulk ZnO, including the depletion region [21]. Therefore, Al doping may cause 
a higher zinc interstitial concentration, which, in turn, degrades the stability of 
ZnO varistors. 

Under a suitable content of Al** addition, the DC resistance of the samples 
will reach a lowest value, as shown in Figure 3.16 [221]; obviously, the resistiv- 
ity of samples with 0.25 mol% Al** addition is the smallest among all samples, 
and the lowest resistance appeared in the sample sintering at 1300°C for four 
hours. However, a minimum in resistivity was observed at the maximum solid 
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solution level, under 0.25 wt% Al,O, (0.42 mol% AI**) [219]. Therefore, the opti- 
mal content of Al,O, dopant is related to the prescriptions and the sintering 
techniques. 

Figure 3.17a shows the Cole—Cole plots for the impedance spectra of the sam- 
ples with various contents of Al*+ dopants sintered for four hours [221]; every 
curve contains only one single arc, but the arc has a nonzero intercept with the 
real axis in the high-frequency region. As shown in the Cole—Cole plots, the inter- 
cept with the real axis in the low frequency moves to the left as the content of 
Al+ dopant increases until 0.25 mol%, and the intercept moves to the right when 
the amount of doping Al?* continues to increase, which means that the effect 
of decreasing ZnO resistance has a saturation point at 0.25 mol% Al+ dopant. 
The low-frequency arc is due to the grain boundary and grain effect, and the 
high-frequency arc is attributable to the grain effect [117, 212]. The resistances 
of grains and grain boundaries under different Alt dopant ratios are shown in 
Figure 3.17b; the smallest grain resistance appears at 0.25 mol% doped Al?*. 

The J-V characteristics of the samples are illustrated in Figure 3.18a [221]; 
the J-V curve doped 0.25 mol% Al?* is located at the right side, and the Ey,,4 
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Figure 3.17 (a) The Cole-Cole plots for the impedance spectra of ZnO varistors with various 
Al-doped content (in mol%); (b) the resistivities of ZnO grain and grain boundaries under 
different Al dopant content [221]. 
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Figure 3.18 (a) The J-E curves of ZnO varistor samples sintering at 1300 °C for eight hours; (b) 
the dependence of Ema on Al doping ratio and sintering time [221]. 


dependence of samples on doping Al** ratio is shown in Figure 3.18b [221]; both 
show that the resistivity of samples with doping 0.25 mol% Al?* is the lowest. 

As shown in Figure 3.17b, the change of grain resistivity obviously exhibits a 
U-type, in the left part, the resistivity decrease is caused by the donor-type behav- 
ior of doping Al ions, and those enter into the ZnO structure and replace the Zn 
atoms at regular sites such as the following equation: 


ZnO i T = 
AlL,O, —> 2Al;,, + 2ZnO + z% +2e (3.11) 


Substituting Al}, in an Al ion occupying a zinc lattice site, the new generated 
free electron e~ moves to the conduction band, which results in an increase in 
carrier concentration. Therefore, the resistivity of ZnO ceramics decreases as the 
Al dopant content increases. 

However, in the right part of the U-type curve, the increase in resistivity is 
caused by the acceptor-type behavior of Al ions. Massive Alt ions may occupy 
sites normally occupied by zinc interstitial ions, such as the following equation: 


ŠALO, àt Žo, +h (3.12) 


where Al; is the Al ion in the zinc atom interstitial site and h is the hole with 
a positive charge, which results in decreasing the carrier concentration through 
neutralizing free electrons. 

Figure 3.19 shows the normalized J—E characteristics of ZnO varistor sam- 
ples [155], and the electrical parameters are summarized in Table 3.4 [155]. The 
average grain size d decreases as the content of Al?* ionic additive increases. 
Compared with the donor density of the sample with no doped Al, the donor 
density of the sample with doped Al increases greatly, which means that the Al3* 
ionic additive increases the conductivity of ZnO grains distinctly; correspond- 
ingly, the residual voltage ratio significantly decreases from 5 to 1.5. With the 
increasing content of Al** ions, the donor density increases to a maximum value 
of 5.71 x 1073 m-3 until the content of Al?+ additive reaches 0.25 mol%, and then 
decreases a little. With the content of Al** additive ranging from 0.01% to 1%, the 
value of E,,,, increases from 245.7 to 327.6 V mm], and the leakage current J, 
increases from 0.32 to 8.03pA cm~? monotonously. The increase in the leakage 
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Figure 3.19 The normalized J-E characteristics of varistor samples with different Al ionic 
additive contents: (a) the small current density region; (b) the large current density region. 
Source: Long et al. 2010 [155]. Reproduced with permission of John Wiley & Sons. 


Table 3.4 Microstructure and electrical parameters of the varistor samples with various Al 
contents. 


Al ion additive Eä £ d Na D, 

(mol%) (Vmm-') (pAcm™?) aw (um) (1022 m>) (eV) K 

0 368.98 0.32 26.2 9,38 0.49 1.02 5.00 
0.01 245.70 1.40 37.81 8.58 44 0.98 1.50 
0.05 253.23 4.23 36.70 8.42 4.98 0.89 1.58 
0.1 263.88 5.76 34.33 8.30 5.32 0.80 1.59 
0.175 268.47 5.85 29.63 7.79 5.45 0.76 1.64 
0.25 269.30 6.19 27.38 6.89 5.71 0.72 1.55 
0.5 299.62 6.74 29.72 682 5.21 0.63 1.59 


1 327.61 8.03 26.73 5.90 5.14 0.54 1.63 
Source: Long et al. 2010 [155]. Reproduced with permission of John Wiley & Sons. 


currents of ZnO varistors with Al3+ dopants is not only caused by the decreased 
resistivity of grain boundaries but also by the increased donor density of ZnO 
grains. 

From simulation, the leakage current density decreases and the nonlinear 
coefficient increases by increasing the interface-state density. Additives includ- 
ing Mn, Co, Bi, Cr, and Ni were added into Al-doped ZnO varistors; all can 
reduce the leakage current, and the optimal prescriptions of ZnO varistor 
samples contain 0.5 mol% Cr,O3, 0.25 mol% Al(NO),, 1 mol% Sb,O,, 1.25 mol% 
SiO,, 0.5 mol% MnO,, 3 mol% Co,O3, 2.1 mol% Bi,O3, and 0.5 mol% Ni,O3. The 
characteristics of samples sintered at 1150°C in Al,O, crucible are superior to 
those of others, and the leakage current decreases to 1.43 pA cm~?; moreover, 
the residual voltage ratio decreases to 1.39 [221]. 


3.8.3 Low Residual Voltage ZnO Varistors by Doping Ga 


The gallium dopant (Ga,O,) is also doped to make the J-V curve of ZnO varistors 
shift right to reduce the residual voltage under a large current at the upturn region 
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as Al,O, does; this means the nonlinearity region is extended, and the impulse 
current discharge capability is well improved [223]. The radius of Ga*+ (0.062 nm) 
is slightly smaller than that of Zn?* (0.074 nm); Ga** ions can go into the lattice 
sites of Zn and decrease the resistivity of the ZnO grain [224]. In a small current 
region, the gallium dopant is also available to improve the surface-state density 
and the grain boundary barrier, which inhibits an increase in the leakage current 
and leads to the improvement of the stability of ZnO varistors in operation [225]. 

Five kinds of ZnO varistor ceramic samples were prepared by doping with var- 
ious amounts of Ga,O,; the composition of the ZnO varistor ceramic samples 
contained (94.45 — x) mol% ZnO, 1.05 mol% Bi,O3, 0.75 mol% MnO,, 1.0 mol% 
Co,O3, 0.5 mol% Cr,O3, 1.0 mol% Sb,O3, 1.25 mol% SiO,, and x mol% Ga,O3. 
As shown in Table 3.5 [226], the average grain size d decreases with the amount 
of Ga,O increased from about 8.1 to 6.1 pm. The donor density Ny increases 
monotonously as the gallium dopant increases, and the interface-state density N; 
ascends from 1.1 x 10!8 m~? to 1.6 x 10!8 m~? as the amount of gallium dopants is 
changed in the range from 0.07 to 0.42 mol% and then descends to 1.5 x 1018 m~? 
at 0.56 mol% gallium dopant. The increment of N; benifits to the potential bar- 
rier ġ, according to the formula @, = e?N?/2€,€9N4[227], which restrains the 
increase in the leakage current J}. This characteristic improves the stability of 
the varistor during operation. The electrical field—current density characteris- 
tics (E-J) with various gallium contents from prebreakdown region to upturn 
region are shown in Figure 3.20 [226]. At prebreakdown region, the curves shift 
up with the increase in gallium contents until 0.42 mol% and then come down 
with 0.56 mol%. 

When the content of Ga dopants increases from 0.07 to 0.42 mol%, the 1 mA 
residual voltage (E,,,,) changes from 398 to 432 V mm™! [223]. This is attributed 
to the increase in the potential barrier and the number of active grain boundaries 
due to the decrease in the ZnO grain size with an increasing gallium content. The 
leakage current, which is measured at 0.75 Ema, ascends monotonously with an 
increase in gallium contents, which is between 0.69 and 0.91 pA cm~? when the 
gallium dopant concentration is in the range from 0.07 to 0.42 mol%. 

Benefited from the increase of 1 mA residual voltage and the upturn region 
shifting to the right, the nonlinear coefficient @ is in the range from 56 to 80 


Table 3.5 Microstructure, E-J, and C-V characteristic parameters of the samples prepared 
with different concentrations of Ga dopant. 


Gacontent d N N $, Emi J 


(mol%) (um) (10?7m-3) (10'8m-2) (eV) (Vmm-"') (HA cm?) a K 
0.07 8.1 0.78 p l 1.72 398 0.69 56 247 
0.14 7.6 0.92 12 1.74 407 0.72 75 2:22 
0.28 G2 1.38 LS 1.81 417 0.75 77 204 
0.42 6.5 1.5 1.6 1.89 432 0.91 80 1.65 
0.56 6.1 2.0 15 1.25 431 1.04 78 174 


Source: Zhao et al. 2016 [226]. Reproduced with permission from Elsevier. 
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Figure 3.20 E-J plots of ZnO varistor samples prepared with different concentrations of Ga 
dopants. Source: Zhao et al. 2016 [226]. Reproduced with permission of Elsevier. 


with the gallium dopant of 0.07-0.42 mol%, achieving the maximum 80 at the 
Ga,O, content of 0.42 mol%, and the residual voltage ratio reaches the minimum 
1.65, which reflects the donor behavior. However, exceeding the concentration of 
0.42 mol%, the varistor exhibits the acceptor behavior [135]. 

Figure 3.20a is the V—/ curves magnified at the prebreakdown region of ZnO 
varistors with both Ga*+ and Al** doped [228], which are displaced to the right; 
this phenomenon at the prebreakdown region is different from which only Ga 
acts as a donor at the grain boundary to shift the curves to the right. The curves in 
Figure 3.20a have not shifted distinctly at the origin of the coordinates, which are 
attributed to the increase in the potential barrier. The enhanced potential barrier 
inhibits the increase in leakage current and then keeps the electrical field—current 
density curve remain at the origin of the coordinates. The ionic radius of Gat 
(0.062 nm) is comparative to that of Zn?* (0.074 nm), and Ga?* accumulates in 
the grain boundaries [148]. On the other hand, gallium and zinc were ball-milled 
firstly, which made gallium adhere to zinc uniformly, as benefited to increase the 
interface density. 


3.8.4 Low Residual Voltage ZnO Varistors with High Voltage Gradient 


Multiple-donor dopants (Al°*, Ga3*, Y**, and In**) were employed to improve 
the comprehensive performance of ZnO varistor ceramics and realize ZnO varis- 
tors with low residual voltage and high voltage gradient [181, 213-217, 226, 228, 
229]. The leakage current of rare earth doped ZnO varistors ceramics is decreased 
evidently with Ga,O, dopants, as shown in Table 3.6 [229]; this is benefited from 
the Ga?+ dopant that occupies the defect sites of grain boundaries to increase 


3.8 Low Residual Voltage ZnO Varistor 


Table 3.6 Microstructure, E-J, and C-V characteristic parameters of the samples prepared 
with different concentrations of Ga dopant. 


Ga,0, d Ng % N Ema 4, 
content (mol%) (pm) (x10? m?) (eV) (x10'm-?) (Vmm-') (pAcm-?) a K 


0.2 F 1.9 2.38 2.0 500 0.89 82 161 


0.4 69 21 2.76 23 517 0.96 87 1.60 
0.6 66 3.1 2.37 26 489 1.2 81 1.62 
0.8 64 28 2.14 2.4 456 1.34 76 1.63 


Source: Zhao et al. 2016 [229]. Reproduced with permission from John Wiley & Sons. 


the barrier. Y,O locates around the grains to restrain the ZnO grain growth and 
increase the voltage gradient, and Al** goes into the lattices of ZnO grains to 
decrease the grain resistance; thus, the residual voltage ratio is controlled at a 
low level under a high impulse current. From the EDXS image for a typical sam- 
ple, it is obvious that both Ga and Al have high intensity within the grain and in 
the grain boundaries. 

The potential barrier is the comprehensive result of N; and Ny, as shown in 
Table 3.6 [229]; the highest potential barrier voltage is 2.76 V with 0.4mol% 
Ga,O3. The radius of Y**(0.093 nm) is lager than that of Zn?*(0.074 nm), it 
is difficult for plenty of Y** ions to solidly dissolve into the grains, they form 
small particles at the edge of the grains and pin the grains to restrict the ZnO 
grain growth, and benefits to enhance voltage gradient [170]. Y*+ affects the 
donor density Nj more than the interface-state density N,, thus increasing 
the leakage current [117]. Gat can reside in the grain and grain boundaries, 
furthermore increases the N; much more than N, [73], thus improve the barrier 
potential evidently; the increased barrier potential inhibits the increase in the 
leakage current. The dopant Al** decreases the grain resistance, which keeps the 
residual voltage at low level under high impulse current [135]. It is found that the 
combined action of Ga*+, Al?+, and Y*+ dopants acts as a donor until 0.4 mol% 
Ga,O, doped, the excellent electrical property of ZnO varistors is acquired 
with a nonlinearity coefficient of 87, the voltage gradient is 517 V mm™?, the 
leakage current is 0.96 pA cm~™°?, and the residual voltage ratio is 1.60. This 
multiple-donor dopants will be helpful toward engineering high-quality ZnO 
varistors. 

Doping indium in Al-doped ZnO varistors has a similar effect as doping gal- 
lium. With the increase in indium additive amounts, both the concentrations 
of donors and the surface states increase, which causes a high barrier potential. 
Besides, the high concentrations of donors further increase the conductivity of 
the grain and lead to a low residual voltage ratio as a result. The In** ion has a 
larger diameter than the Zn? ion, so it is difficult for a large amount of In?* ions 
to dissolve into the grains. Thus, a certain amount of In** ions dissolve into the 
grains, which lead to the increase in the content of donors and decrease the grain 
resistance so as to keep the residual voltage at a low level. Besides, the residual 
doped In** ions form small particles at the edge of the grains and restrict the 


109 


110 


3 Tuning Electrical Characteristics of ZnO Varistors 


—a— 0.0 mol% 
—e— 0.01 mol% aw Ou 


jk AA”. 
ae a 
0.015 mol% ne al 


on 600 —v— 0.02 mol% and 

t —#— 0.025 mol% 

E 500 

= 

nol 

g 400 = 

7 g 
E 

£ 300 4 

3 w 

D D 

W 200 2 —*— 0.01 mol% 
g a— 0.015 mol% 
2m + 0.02 moi% 

100 3 +— 0.025 mol% 

= Current density J (A cm) 


100 

107 108 105 104 10° 
T T T T m m 
0.0000 0.0005 0.0010 20 40 60 80 


Current density (A cm?) 


Figure 3.21 E-J characteristics from prebreakdown region to the upturn region and (a) E-J 
characteristics from 0 to 1 mA cm~? of the ZnO varistors samples with various indium contents. 
Source: Meng et al. 2017 [215]. Reproduced with permission of Elsevier. 


growth of ZnO grains [77], which lead to the increase of N; as well as the break- 
down voltage. 

Indium was codoped with Al,O, and Y,O, to further improve the properties 
of ZnO varistors [215]. Some of the doped indium ions act as donors at the grain 
boundary, which lead to an increase in the barrier height from 1.56 to 2.21 eV and 
prevent the increase in the leakage current. Because of the decrease in the ZnO 
grain size and the increase in the barrier height, the breakdown voltage increases 
from 390 to 453 V mm! with an increased indium amount, up to 0.025 mol%. As 
shown in Figure 3.21 [215], the varistor ceramic with 0.02 mol% indium, 0.2 mol% 
aluminum, and 0.9 mol% yttrium has the optimal performance, i.e. exhibiting a 
1-mA residual voltage of 448 V mm, a leakage current of 0.69 pA cm~?, a non- 
linear coefficient of 76.26, and a residual voltage ratio of 1.58 with a density of 
63.7 Acm~ under a current waveform of 8/20 us. The optimal properties have 
a great significance for the manufacture of ZnO varistor ceramics with a better 
protection property. 
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Microstructural Electrical Characteristics of ZnO Varistors 


A bulk varistor is a complex multijunction device composed of large numbers of 
grain boundaries and grains connected in a random network; the electrical prop- 
erties of each individual grain boundary will contribute to the global electrical 
characteristics of ZnO varistors. The electrical characteristics of grain bound- 
aries in ZnO varistors were systematically analyzed. High nonuniformity exists 
in barrier voltages and nonlinear coefticients in different grain boundaries. Bar- 
rier voltages have normal distributions, only a few grain boundaries are electri- 
cally active, the grain boundaries can be simply classified into good, bad, and 
ohmic ones according to the electrical characteristics of grain boundaries, and 
a high percentage of grain boundaries have bad or ohmic J-V characteristics, 
while only a small percentage of grain boundaries have good J-V characteris- 
tics. These few good grain boundaries are responsible for the good varistor eftect 
and control the leakage current of the ZnO varistor at low values of applied volt- 
age. There is a huge difference between the barrier voltages measured by direct 
and indirect measurement methods. Modern scanning probe microscopy-based 
techniques are introduced, which allow the study of electric properties of ZnO 
varistors on the nanometer scale, and combining all methods, a quite compre- 
hensive assessment of the distribution of possible causes of current paths in a 
varistor ceramic will be presented. At last, ZnO bicrystal with controlled dopants 
at the interface is introduced for studying the electrical characteristics and related 
mechanisms, but the fabrication of Bi-doped bicrystal with excellent nonlinearity 
is still challenging. 


4.1 Introduction 


The electrical characteristics of ZnO varistors are synthetical responses of 
different individual grain boundaries. Many researchers [1-11] had measured 
the electrical characteristics of individual grain boundaries on the surfaces of 
ZnO varistor disks or estimated the average parameters from disk measurement 
by different methods. From the experimental results, differences in electrical 
characteristics among different individual grain boundaries, and differences 
between the results of individual grain boundaries and that of the global ZnO 
varistors can be found. That is to say, the electrical properties of different single 
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junctions are not identical. Many researchers had developed different kinds of 
techniques to study the individual grain boundary. These single-junction I-V 
characteristics showed that a distribution of the breakdown behavior depended 
on the microstructures [6, 7, 11]. When these single junctions are put together 
to form a bulk device, the electrical properties of each individual junction will 
contribute to the overall signal. It is very important to understand the influence 
of the junction network on the device properties [12]. So, analyzing the electrical 
characteristics of individual grain boundaries is useful to understand the global 
electrical characteristics of ZnO varistors and is helpful in simulating the 
microstructural characteristics of ZnO varistors. He et al. [13] presented a 
systematic analysis on the nonuniformity of ZnO varistors. 


4.2 Methods to Determine Grain Boundary Parameters 


One of the important parameters in the physical models of ZnO varistors explain- 
ing the transition phenomena from the low current region to the high current 
region is the value of the barrier voltage, which is the breakdown voltage per 
grain boundary barrier and has been typically determined by indirect and direct 
methods. During the initial explorations of the origins of varistor behavior, usu- 
ally microcontact measurements were made to correlate electrical behavior to 
the principal microstructural features [4—7] as those first described by Einzinger 
[14], although others were made nonevasively by voltage contrast imaging. 


4.2.1 The Indirect Method 


The indirect method [2, 15, 16] derives this breakdown voltage from the experi- 
mental observation that the voltage at a constant current is inversely proportional 
to the grain size. Dividing this voltage by the average number of grains between 
the electrodes yields a calculated barrier voltage Vg under the assumption that all 
grains between two electrodes have the same grain size [17]. Generally, it is very 
difficult to obtain a homogeneous microstructure in a practical ceramic body, 
and therefore, it is not possible that all grain sizes are the same, but rather the 
grain sizes in the microstructure have a distribution. Moreover, numerous stud- 
ies have confirmed that the results of “average” property measurements are not 
exact representations of the individual grain boundaries. 


4.2.2 The Direct Microcontact Methods 


The microcontact method [2-5] consists of contacting two adjacent grains 
using small and narrow electrodes and measuring the J-V characteristics of 
grain boundaries. The first method [2, 8, 11, 13, 18, 19] consists of obtaining 
the current-voltage curve of one single junction by microcontact on the two 
adjacent grains with the help of very sharp needles (radius of curvature <1 um). 
The second one used a better electrical contact by evaporating a pair of opposing 
Al [1, 8] or Au [4] electrodes with a 10 um separation on the surface of a varistor. 


4.2 Methods to Determine Grain Boundary Parameters 


ed 


Figure 4.1 SEM photomicrograph of two 
wires welded with the help of an ultrasonic 
generator on the surface of a ZnO varistor 
(white line is 100-um in length). Source: 
Tao et al. 1987 [6]. Reproduced with 
permission of AIP. 


Tao et al. [6] used a microwelder technique to weld a gold wire on each surface of 
two adjacent ZnO grains, as shown in Figure 4.1, with the help of an ultrasonic 
generator under an optical microscope; the wire diameter was 25 um. 

Olsson and Dunlop [10] deposited silver electrodes on the polished surfaces 
using photolithography, and a special electrode configuration consisting of 35 
electrode pairs distributed in a circular array, which had an outside diameter of 
3 mm, was designed where the electrode tip width was 5 um and the tip gap was 
8 um in order to often obtain single interfaces between the opposing electrode 
tips, which is shown in Figure 4.2. Sun et al. deposited a gold electrode array on 
the surface of a polished sample to measure individual grain boundary behavior 
[20]. Rodewald et al. [21] deposited the microelectrodes consisting of conduct- 
ing YBa,Cu3Og,,. (150 nm) covered with a thin Ag layer (50 nm); the silver layer 
reduced the contact resistance between the deposited microelectrode and the 
contacting tip. The electrodes were contacted by two tungsten tips (1 mm tip 
radius) positioned by micromanipulators. 

Wang et al. [7] designed 14 special electrode “cells”; a cell contains 20 labeled 
electrode pairs, and the tips of the electrodes are 4 um wide. Tanaka et al. used 
the photolithography technique too, to form microelectrodes on the surface of 
samples; the microelectrode system contained 72 pairs of aluminum electrodes, 


Figure 4.2 Microelectrode configuration, which is used 
for measurement of current-voltage characteristics across 
individual grain junctions. The different shapes of the 
contacts and the arrowed feature allow them to be 
identified during electron microscopy. Source: Olsson and 
Dunlop 1989 [10]. Reproduced with permission of AIP. 
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the separation between two electrode tips was 5 um, and the distance between a 
pair of electrodes was 10 um [22]. 

The microelectrodes designed for microcontact measurement was introduced 
in detail [23, 24], which was prepared by photolithograph method. The polished 
surfaces of the ZnO varistor sample were coated with photoresist, and then illu- 
mination through a suitable mask uncovered part of the ZnO surface. And then, a 
thin Ag or Au layer with 100 nm thickness was evaporated on each sample. Subse- 
quently, the rest of excess photoresist was washed away by acetone. The schematic 
configuration of microcontact measurement is shown in Figure 4.3 [25]. The con- 
figuration of electrodes is shown in Figure 4.4 [23]. The electrodes are designed to 
be 20 um in diameter for the convenience of microcontacts with the microprobe 
and observation of individual grain boundaries, and the distance between adja- 
cent electrodes is 5 um. Therefore, there may exist zero, one, two, or three grain 
boundaries between adjacent electrodes. 

Microcontact measurement can be carried out on a probe station (such as 
Summit 11 000 M, Cascade Microtech, Inc., USA), an optical high magnification 
microscope (FS-70, Mitutoyo Corporation, Japan), and a couple of coaxial 
probes with a 0.5 um replaceable tip (DCP-105R, Cascade Microtech, Inc., USA) 
secure with probe positioners (DCM-320-M, Cascade Microtech, Inc., USA). 
The probes are manually manipulated to form firm electrical contact with the 


| LV meter | Figure 4.3 The schematic diagram of the 
microcontact measurement experiment 
performed on the individual grain 
boundaries in ZnO ceramics. All of the 


Microscope components and instruments are resized 
for the sake of comprehension and 
illustration [25] 
—— 


Microelectrodes 
ZnO samples 


Modular chuck 


Figure 4.4 The electrodes configuration 
of a ZnO varistor sample for microcontact 
measurement. Source: He et al. 2011 [23]. 
Reproduced with permission of Elsevier. 
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surface electrodes of ZnO samples by the positioners with the aid of the optical 
microscope [24]. 

In bulk J-V measurements, varistor breakdown voltage is usually defined as 
the voltage at a certain current density, typically 1 pA [2—4], or 1 mA cm7?. This 
requires an estimation of the junction area, which is difficult to be known, and 
may introduce error into the measurement. To eliminate the estimation of junc- 
tion area, another method [6, 26] is used to determine the breakdown voltage 
from the relationship in Eq. (4.1); the definition of varistor breakdown voltage, 
Vp is the voltage where a reaches a maximum: 


T=kv* (4.1) 


where k is a constant; the nonlinear coefficient a can be calculated from the slope 
of log, oJ as a function of log, V. 

Even though the microcontact method has been widely employed, a number 
of important limitations remain. First, it is difficult to control the chemistry of 
individual boundaries; second, there is limited ability, in most case, to examine 
the electrical properties at elevated temperature or controlled atmosphere; third, 
unless all grains surrounding the individual grain boundary are removed, the cur- 
rent pathway is unpredictable (also known as neighboring effect), even when the 
specimens are thin. 


4.3 Statistical Characteristics of Grain Boundary 
Parameters 


4.3.1 Nonuniformity of Barrier Voltages 


Breakdown voltages have been measured by the different direct methods 
described above; the measurement results are listed in Table 4.1 [13]. The 
reported breakdown voltages lie in a wide range from 1.8 to 6.0 V. One expla- 
nation for this relatively widespread results is the difficulty in defining the 
cross-sectional area, and secondly, different criteria were used to measure 
the breakdown voltages. But, even if the same criteria are used, e.g. at 1 pA 
or at the maximum of the nonlinear coefficient a, the barrier voltage is still 
largely different because of different prescription and different sintering courses. 
The grain barriers are formed during the cooling process from the sintering 
temperature, and it would bring a large difference if the cooling program is 
not the same. Nonuniformity of grain boundaries exists during their forming 
courses, which is the origin of nonuniformity in the electrical characteristics of 
ZnO varistors. 

The average value of barrier voltage measurement results on individual grain 
boundaries [6, 7, 10, 19], which defines the voltage at the maximum values of a as 
the breakdown voltage, is 3.2 V, while the average of total values listed in Table 4.1 
is 3.3 V per barrier [13]. 

The average barrier voltages measured by the indirect method, which cover a 
spread from 2.0 to 2.5 V, can be found in the literature [2, 6, 7, 15, 16, 18, 20, 
27, 30-32] and have an average value of 2.3 V [13], which is much lower than 
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Table 4.1 Barrier voltages of the ZnO varistors by direct measurements on isolated grain 
boundaries. 


Ingredients Barrier voltage References 
3.2-3.3V [27] 
ZnO, 1% Sb,O,, 0.5% CoO, 0.5% Cr, Oz, 0.5% 2.3-2.9 V at 1 pA [2] 
Bi,O, 2.6-3.3 Vat 1 mA 
Commercial varistor 4Vatl pA [3] 
Commercial varistor 3.6Vatl pA [4] 
ZnO, 1% CoO, 0.2% Nd,O,, 0.25% Sn,O, 4V [5] 
2.3-3.7 V at ana, [6] 
ZnO, 1% Bi,O,, 1% MnO 6Vat4pA (28 
ZnO, 1% Bi O}, 1% MnO, 0.5% TiO, 5Vat 10 pA [28 
2.3V at 0.1 pA [16 
33y [1] 
3.5V [8] 
Commercial varistors 3.0-3.5 V at a max [7] 
90 mol% ZnO, 10 mol% additives of Bi O}, Sb,O,, 3.2, 3.6 Vata... {10 
and Co,O, 
3.8-4.0 V [18 
97 mol% ZnO, 3 mol% additives of Bi,O,, Sb,O,, 1.8-6.0 V [20 
and Co,0, 
ZnO, 0.55% Bi O}, 0.5% Co,O3, 0.5% Mn,O,, 3.5V [29 


0.5% NiO, 0.5% TiO, 


3.3 V — the average value obtained from the direct method. Levinson and Philipp 
[17] reported that the calculated barrier voltage is lower than the measured bar- 
rier voltage because the current always seeks the easiest path, i.e. the path with the 
fewest barriers between the electrodes. Emtage [31] showed from a theoretical 
approach that the mean breakdown voltage per grain in the conductive ceramics 
is less than that of an isolated grain boundary because there are some chains of 
large grains through the inside of a ceramic body. 

Because a nonuniformity of barrier voltages exists, when a voltage is applied 
to a ZnO varistor, the electrical current always passes through the lowest barrier 
voltage path, which is usually the least number of grain boundaries between the 
electrodes. Therefore, the calculated barrier voltage (by the indirect method) 
should be lower than the measured one. The difference between calculated and 
measured barrier voltages varies like the sigmoidal mode with the standard 
deviation of average grain size; as the standard deviation approaches zero, 
the difference decreases to zero, and as the standard deviation increases, the 
difference increases too. So, Sung et al. [28] thought that the number of grain 
boundary barriers for the current path should be conventionally calculated from 
dividing the thickness of the device by the average grain size, and they discussed 
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how to modify the average number of grain boundary barriers so as to calculate 
the most probable barrier voltage that is equivalent to the one measured by the 
indirect method. 


4.3.2 Distribution of Barrier Voltage 


Distributions in both the barrier voltage Vg and the grain size in actual ZnO 
varistors were measured [4, 6, 11, 12, 25]. The barrier voltages distribute sym- 
metrically in log-normal distribution [6, 33] — an obvious normal distribution 
exists between barrier voltages and the number of grain boundaries. But in the 
past, many calculations were based on uniform barrier voltage [33—37] or simple 
classification of barrier voltages [38]. 

The normal distribution of barrier voltages can be described as 


= ae 
n= ep | =P") a 


2no 20? 


where, p(Vg) is a distribution function of Vg, ø is the standard deviation of the 
distribution function, and the average value of the barrier voltages Vp. The stan- 
dard deviation o of barrier voltages of individual grain boundaries from different 
experimental results [4, 6, 12] are calculated, which range between 0.02 and 0.2 V 
under average Vp value of 3.3 V. 

Microcontact measurements on 100 individual grain boundaries were carried 
out [24], and the nonlinear coefficient a, the breakdown voltage Vg, and the leak- 
age current /, of individual grain boundaries were derived from the J-V curves of 
individual grain boundaries. The nonlinear coefticient a was defined as the max- 
imum of local nonlinear coefficients, which were calculated by logarithmically 
fitting the neighboring five data points. The voltage and current applied on the 
electrodes corresponding to the maximum nonlinear coefticient was defined as 
the barrier voltage V} and the leakage current 7, , respectively. 

The distribution of barrier voltages of individual grain boundaries is shown in 
Figure 4.5 [24], obviously, there are two local peaks (P1 and P2) dividing Vg data 
into two ranges. One is from 2 to 5V and the other from 5 to 8 V. The center 
of P1 is located at 3.26 V, and the center of P2 is located at 6.59 V; the respec- 
tive standard deviations are 0.59 and 0.66 V, by Gaussian distribution function 
fitting. The center of P2 is almost two times that of P1, which means that P2 cor- 
responds to two grain boundaries between electrodes. The breakdown voltage 
corresponding to P2 can be scaled down to an average individual grain boundary 
by simply dividing the voltage by the number of grain boundaries. As a result, the 
scaled down value of Vg is 3.29 V. Therefore, the breakdown voltage of individual 
grain boundaries is around 3.3 V, which is the same as that tested by Olsson and 
Dunlop [10, 11]. 

Einzinger [14] showed the distribution of breakdown voltages across 200 
individual grain boundaries measured using microcontact electrodes and similar 
results were obtained; the majority of individual grain boundaries exhibited a 
breakdown voltage of ~3.5 eV. 
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F ji ? F 7 7 Figure 4.5 The statistics on 
[ P1 : : : : : : breakdown voltages of 100 
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L after different aging time. 
F Source: Liu et al. 2011 [24]. 
5 24} : : : Redrawn with permission 
5 E i P2: i from Elsevier. 
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4.3.3 Distribution of Nonlinear Coefficient 


The distribution of nonlinear coefficient a is wide and asymmetrical [6]. A high 
percentage of grain boundaries have bad or ohmic J-V characteristics, and only 
a small percentage of grain boundaries have good J-V characteristics. But the 
ZnO varistors have good global J-V characteristics. Ordinarily, the nonlinear 
coefficient a of ZnO varistor bulk is higher than 30. 

It is consequently essential for a better understanding of conduction phenom- 
ena in ZnO varistors to consider a distribution and not a mean value of a for 
all grain-to-grain junctions. So, it is not possible to neglect @ values higher than 
30, mostly because they correspond to “good” junctions responsible for a good 
varistor effect. Moreover, these “good” junctions have small leakage currents than 
other junctions. Consequently the “good” junctions control the leakage current 
of ZnO varistor at low values of the applied voltage [6]. 

From the microcontact measurement as shown in Figure 4.6 the initial nonlin- 
ear coefticients of these 100 grain boundaries mainly range from 15 to 35 [24]. 


30 Figure 4.6 The histograms 
of nonlinear coefficients of 
100 individual grain 
boundaries. Source: Liu et al. 
2011 [24]. Redrawn with 
permission from Elsevier. 
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4.3.4 Distribution of Leakage Current Through Grain Boundary 


The leakage currents of individual grain boundaries were tested as shown in 
Figure 4.7 [25]. The histogram of leakage current could be fitted by Gaussian 
distribution function, as well. The peak center is located at —5.75, and the 
standard deviation of log,,(J,,) is 1.52, log,, is simplified as log in this chapter. 


4.3.5 Discussion on Microcontact Measurement 


Although microcontact measurements, in which electrical contacts are made 
within individual ZnO grains and across grain boundaries, are fraught with 
uncertainty as to the actual conduction path, they clearly revealed several 
important findings [3]. 

Varistor behavior was associated with individual grain boundaries and the 
majority exhibited a breakdown or switching voltage of ~3.5 eV [3]. Considerable 
variation exists in the J-V characteristics from one boundary to another, in the 
barrier voltages and nonlinear coefficients among different grain boundaries. 
Einzinger’s work remained the most comprehensive and showed that there was 
also considerable variation in capacitance from one boundary to another [14]. 
However, they quickly led to the realization that varistors are far from uniform 
and that they are best considered as a series and parallel network of variable 
resistors. So, the response of a varistor is the collection of all variable resistors. 
The grain boundaries can be simply classified into good, bad, and ohmic ones, 
anda high percentage of grain boundaries have bad or ohmic J-V characteristics, 
and only a small percentage of grain boundaries have good J-V characteristics. 
These few good grain boundaries are responsible for the good varistor effect and 
control the leakage current of ZnO varistors at low values of applied voltage. 

Microcontact measurements continue to be reported but are generally of dubi- 
ous value. Ideally, one would wish to relate the electrical measurements to the 
local chemistry and grain boundary structure, but there are severe difficulties in 
achieving this: grain boundaries in varistors are not usually planar; luminescence 


Figure 4.7 The distribution T T T T 
of leakage currents of 100 
individual grain boundaries. 
Source: Liu et al. 2011 [24]. 
Redrawn with permission 
from Elsevier. 
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observations indicate that the electrical transport across varistor boundaries is 
highly inhomogeneous; the electrical conduction path depends on both the local 
potential and the existence of alternative current pathways [3]. 


4.4 Classification of Grain Boundaries 


Microcontact electrical measurements on multiple-phase ZnO varistors show a 
wide diversity of grain boundary characteristics. Nevertheless, these measured 
results [4, 6, 7, 10, 26, 39] consistently indicated that the J-V characteristics for 
the grain boundaries could be classified into three representative types: ohmic 
microjunctions, and “good” and “bad” nonlinear microjunctions. 

Tao et al. measured J—V characteristics of 54 single junctions [6]; only a few 
barriers were electrically active as assumed by Van Kemenade and Eijnthoven 
[4]. The breakdown voltage of the “good” junctions is 3.1 V with a nonlinear 
coefficient a higher than 30, and 24 tested junctions belong to the “bad” ones, 
which have about 3V breakdown voltage with a low a, less than 10. For a 
voltage equal to half the breakdown voltage, the “good” junctions present a 
current of about 0.3 pA, but the currents are approximately 1 mA and 20 pA 
for different “bad” junctions. The measured breakdown voltages are in the 
range of 2.3-3.7 V, and the average value is 3.0 V. Wang et al. [7] measured 98 
single junctions, and about 80% junctions had varistor-like Z-V characteristics, 
i.e. breakdown occurred between 3.0 and 3.5V. The values of the maximum 
nonlinear coefticient a ranged over a very broad distribution from 10 to 93 with 
an average of approximately 40. The other 20% of the junctions did not exhibit 
varistor-like J-V behavior, i.e. no breakdown was observed. 

The “good” microjunctions have high leakage resistance and high nonlinear 
coefficient (a > 30); estimates of the relative number of “good” junctions are 
between 15 and 65% [6, 10, 19, 20, 26, 40, 41]. Bad microjunctions have two 
to three orders of magnitude lower leakage resistance and much lower nonlin- 
ear coefficient a (about 10) [6, 7, 10]; about 30-35% of the tested microjunc- 
tions showed a bad characteristic [39], but the breakdown voltages of both good 
and bad microjunctions are nearly identical, at about 3 V. The ohmic microjunc- 
tions are nearly linear with a resistance two to five orders of magnitude lower 
than the leakage resistance of the good junction [6, 7, 12, 40]. The fraction of 
ohmic junctions has been estimated to be about 20% [7, 12, 25] and 5—10% [40]. 
Ohmic microjunctions are present in all varistors, including commercial ones, 
even when their quality is very good [7, 12, 39]. The ohmic grain boundary is 
called as ineffective grain boundary, which leads to the existence of a shortcut 
pathway inside ZnO varistors [20]. 

Olsson and Dunlop [10, 11] used microelectrodes to determine the electrical 
properties of individual interfaces between ZnO grains; they characterized four 
different types of boundary structures, as shown in Figure 4.8; each type has 
its own specific breakdown voltage and the nonlinearity of the current-voltage 
characteristics is also dependent on the fine scale structure; it was found 
that interfaces containing pyrochlore did not show varistor behavior. Type A 
is a boundary between ZnO grains containing a thin (~2nm) intergranular 
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Figure 4.8 Four main types of ZnO interfaces. The arrows indicate the direction in which 
electrons are moving. Source: Adapted from Olsson and Dunlop [10]. 


amorphous Bi-rich film. It exhibited a breakdown voltage at 3.6 V, and a nonlin- 
ear coefficient a of about 66. Type B is a ZnO/Zn0O interface without secondary 
phases but containing segregated Bi atoms. It exhibited a breakdown voltage at 
3.2 V, and a nonlinear coefficient a of about 33. Type C is an interface between 
ZnO and an intergranular mixture of Bi,O,, and spinel grains. Junctions between 
ZnO and intergranular Bi,O, exhibited asymmetric current-voltage character- 
istics with breakdowns at 3.2 V for one polarity of the applied voltage, in the 
reverse direction the breakdown was at 0.4, 0.6, and 0.9 V, which depended on the 
particular polymorph of the intergranular Bi,O;. Type D is an interface between 
ZnO and pyrochlore (Zn,Bi;Sb,O,,) and spinel grains. This kind of interfaces 
did not exhibit any varistor behavior; this gives rise to a significant number of 
“inactive” grain boundaries in the ZnO varistors. Generally, pyrochlore occupies 
only a small fraction of the ZnO grain boundaries but even a small precipitate of 
pyrochlore along an otherwise “clean” grain boundary could make a “hole” in the 
barrier and seriously degrade its properties [10]. It is thus desirable to minimize 
the volume fraction of pyrochlore in these materials. Types A and B belong to 
“good” grain boundary, Type C “bad” one, and Type D ohmic one [13]. 

Figure 4.9 shows the voltage—current characteristics of different types of grain 
boundaries measured using direct microcontact measurement [25]. Actually, all 
grain boundaries behave different properties. 
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4.5 Other Techniques to Detect Microstructurally 
Electrical Properties of ZnO Varistors 


4.5.1 Scanning Probe Microscopy-Based Techniques 


Electrostatic potential barriers build up at the grain/grain interfaces due to 
charges being trapped in interface states and hot electrons being created at 
breakdown. Modern scanning probe microscopy-based techniques, such as 
electrostatic or piezoresponse force microscopy, allow the study of electric 
properties of materials on the nanometer scale. Scanning surface potential 
microscopy [42] and conductive atomic force microscopy (C-AFM) [43, 44] 
operate in contact mode to investigate the topography and current response 
of a given microstructure. This technique has not only been applied in the 
measurement of grain boundary characteristics [45] but also focused on local 
conductivity. The identical surface region has been inspected subsequently 
with electron backscattering diffraction (EBSD) to get information on indi- 
vidual crystal orientations [44]. C-AFM measurement was performed under 
ambient conditions in contact mode with a Digital Instruments Nanoscope IIIa 
Multimode microscope using an AS-130(“J”) scanner with 125 pmx125 pm 
maximum lateral scan size. The voltage applied to the samples was varied from 0 
to 10 V. CDT-CONTR silicon cantilevers with p-doped diamond coating on the 
tip were used as probes. The typical macroscopic tip radius of curvature is below 
100 nm, but the grains of the polycrystalline diamond coating allow a resolution 
below 20 nm. 

Figure 4.10 shows a typical region of a varistor sample recorded by C-AFM 
in topography mode (a) and current mode at constant voltage (b), and the 
corresponding scanning electron microscopy (SEM) image (c) after etching [44]. 
The results of four characteristic positions (numbered 1-4) are presented in 
Figure 4.11 [44]. For the spinel (No. 1), no current was detectable in the entire 
voltage range. At position 2 in the large (mono-domain) ZnO grain, a typical 
nonlinear V-Z curve has been measured. Between grain No. 2 and the adjacent 
electrode is only one grain boundary, but the corresponding switching voltage 
is below the well-known “ideal” varistor voltage. Between the twin grains No. 3 
and 4 and the electrode, there are two grain boundaries visible on the polished 
surface (see Figure 4.10c) resulting in a switching voltage in the range between 6 
and 7 V. Actually, the V—J curves are slightly different in a certain voltage range 
[46] (around +9 V) for positions 3 and 4. 

The electric force microscopy (EFM) results presented in Figure 4.12a—d of 
ZnO varistor sample show details of the variations in the electric field gradient 
across the area scanned on the sample [45]. The EFM images indicate that an 
increase in the applied voltage leads to an increase in the concentration of nega- 
tive charges at the grain boundary, whose behavior signals the effective presence 
of the potential barrier. The increased conductivity resulting from doping was 
confirmed by the EFM images, which recorded the potential barriers present at 
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Electrode (Ag/Pd) 


OpA 


Figure 4.10 SEM and AFM images of a polished varistor with an area of 50 um x 12.5 pm. 
Source: Schloffer et al. 2010 [44]. Reproduced with permission of Elsevier. (a) The SEM image of 
the etched surface, which shows a slightly larger area to visualize the distance to the adjacent 
Ag/Pd inner electrode (the framed region corresponds exactly to the scanned areas in (b) and 
(c)); (b) topographic AFM image and (c) simultaneously recorded 2D current image at +10 V. 
The spots for acquiring V-I curves are marked by numbered squares. 


Current (pA) 


Voltage (V) 


Figure 4.11 /-V characteristics at the spots 1-4 marked in Figure 4.10. The error bars 
correspond to the standard deviation of measured currents at individual pixels. 
Source: Schloffer et al. 2010 [44]. Reproduced with permission of Elsevier. 


4.5 Other Techniques to Detect Microstructurally Electrical Properties of ZnO Varistors 


Figure 4.12 Atomic force microscopy 
(AFM) and electric force microscopy 
(EFM) profiles of a 15 um x 15 pm area 
of a pure ZCF1 sample. (a) An AFM 
topographic scan; (b)-(d) EFM profiles of 
the same region as (a) are shown but at 
4, 8, and 12 V DC voltage, respectively. 
Source: Gheno et al. 2008 [45]. 
Reproduced with permission of John 
Wiley & Sons. 


the grain boundaries. When 4 V voltage is applied, grain sizes are visible (I) as well 
as the grain boundaries/intergranular regions (II). The bright regions, especially 
at the grain boundaries, could be ascribed to the electrostatic charge produced 
by the potential barrier. The call-out regions, which were attributed to semicon- 
ducting material, indicated that the grains were conductive. In all EFM images, 
the surface potential is dependent on the local electric field. Besides, the surface 
potential clearly identifies a grain boundary contour. The dimensions of potential 
barriers at the grain boundaries were determined to be 250 nm. The width of the 
resistive layer is a function of the material’s chemistry and processing and is not 
expected to be very sensitive to the voltage applied [45]. 


4.5.2 Galvanic Determination of Conductive Areas on a Varistor 
Surface 


Because insulating, conductive, and varistor-active grain boundaries coexist 
within a doped ZnO varistor, the current flows through separate paths of its 
microstructure. When the applied voltage is increased, the number of paths 
to become conducting will also increase, which is synonymous with a larger 
conductive cross section. This area can easily be determined at different voltages 
by the galvanic method. For the test, a silver paste is metallized on one side of 
a varistor sample, and a wire is welded to this electrode; the other side is put 
into contact with the surface of a salt solution, e.g. CuSO, or AgNO, as shown 
in Figure 4.13 [47]. A piece of metal in the solution is arranged as the anode 
in a DC circuit. The nonmetallized varistor surface acts as the cathode. After a 
current flows through the varistor for a sufficient time, all the conductive areas 
will become covered with metal. 
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Figure 4.13 Schematic diagram of the setup for 
galvanic determination. Source: Adapted from 
Hohenberger et al. [47]. 


Ag electrode 


Figure 4.14 Metallic depositions on the surfaces of varistor disks with diameter of 10 mm: 
(a) sol-gel varistor containing an additional A1,0, doping; (b) sol-gel varistor, normal 
composition; (c) mixed oxides varistor, normal composition, reduced conductive area; 

(d) mixed oxides varistor, normal composition. Source: Hohenberger et al. 1991 [47]. 
Reproduced with permission of John Wiley & Sons. 


Photographs of good and bad varistor surfaces coated using the galvanic 
method are shown in Figure 4.14 [47]. The sample in Figure 4.14a was addition- 
ally doped with Al, O,, while the samples without A1,0, dopant composition are 
shown in Figure 4.14b—d; significant differences can be observed in these sam- 
ples. Figure 4.14a is a sol-gel sample; a very homogeneous distribution of current 
paths spread over the whole surface of the varistor, and this sample shows good 
electrical properties. Figure 4.14b is a sol-gel sample, too. Using the same dopant 
composition for sol-gel processing as for the mixed oxide powders results in an 
almost insulating material. Just a few conductive paths are formed here. These 
varistors do not withstand high currents. Figure 4.14c is a mixed oxide sample; 
this varistor shows inhomogeneous conductivity with a quarter of the available 
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area covered by copper spots. Figure 4.14d shows a mixed oxide sample, too. 
The conductive paths in this mixed varistor are homogeneously distributed over 
the whole surface, but less than in the sol-gel sample in Figure 4.14a. 

This method is impossible to be used to differentiate the distinction between 
ohmic and varistor-active current paths. To be certain that a homogeneous 
current distribution is not a consequence of many low ohmic paths, which 
cause a high leakage current, the results of this investigation method have to be 
seen in conjunction with the current-voltage curve. No information about the 
differences in the breakdown voltage of the varistor-active path is given by this 
method [47]. 


4.5.3 Line Scan Determination of Differences in Breakdown Voltage 
Within a Varistor 


The line scan method was used to determine the breakdown voltage profile within 
a varistor [47]. A silver electrode is painted on one surface of the varistor, and 
the opposite side is grounded with SiC abrasive papers followed by a 1 um dia- 
mond polishing step. The sample is mounted on a carriage, whose movement is 
controlled by a stepped motor drive. The leaded silver electrode is contacted to 
ground. The opposite electrode is a pin with a hard metal ball tip with a diameter 
of 0.5 mm supported by an insulating tubular guide; it is loaded with a weight of 
1N and is slid across the polished sample surface, contacting only a few grains 
simultaneously. This electrode is connected to a constant current power supply, 
which is adjusted to 1 mA. When the ball tip is slid across the sample surface, the 
voltage of the power supply follows the varistor voltage of the contacted current 
path. This profile is recorded with the carriage displacement on an X-Y recorder. 
These profiles quantify voltage differences across the sample. Scanning the entire 
surface with parallel lines would give a two-dimensional picture of the varistor 
voltage distribution to estimate the steadiness of the varistor voltage with the 
varying current paths. 


4.5.4 Current Images in SEM 


The conductive paths through the microstructure on the surface of varistors can 
be observed by the current images in SEM. Unlike the method based on the 
potential contrast between two grains [4—6], the conductivity of a larger part of 
the microstructure can be determined. The setup for the experiment is shown 
in Figure 4.15 [47]. The varistor is fixed to an insulation material, e.g. glass, on 
the sample carrier. A silver electrode is painted on a part of the sample surface, 
which is connected to ground via a current-measuring instrument. The monitor 
brightness is proportional to the current flowing at this point. 

During the normal scanning mode, the electron beam will meet the varistor 
surface or electrode. Hitting the electrode will cause a high current and a bright 
point on the monitor. On the varistor surface, the beam will cause a charged area 
to be formed. If the voltage is high enough, or if there is a conductive path con- 
nected to the electrode, a current will flow. This will result in a bright point on 
the monitor, too. Insulation grains or varistor-active paths below breakdown will 
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os Figure 4.15 Schematic diagram 
of the setup for the current image. 
Ag electrode Source: Adapted from 


Varistor Hohenberger et al. [47]. 


Insulating 
material (glass) “TRIZZA AZ 


Monitor 


Figure 4.16 SEM images of varistor surface with SE image on the left side and current image 
on the right side. (a) sol-gel powder containing A1,0,; (b) sol-gel powder, normal 
composition. Source: Hohenberger et al. 1991 [47]. Reproduced with permission of John Wiley 
& Sons. 


appear dark. Because of the conduction mechanism of varistors, this depends on 
the distance of the charge grain from the electrode. The image expected would be 
composed of a bright electrode seam and, if they exist, some bright conductive 
paths in the area appearing darker surrounding the nonconducting area. 

The current image is shown in the right half of the photograph in Figure 4.16 
[47]. The left half of the split screen shows the same surface as a secondary ion 
picture. The rough structure in the right-hand side of the image is the silver 
electrode. Both samples were made from sol-gel powders. Figure 4.16a shows 
the sample including Al,O, doping and Figure 4.16b shows the sample with- 
out Al,O,; an inhomogeneous current distribution with a single conductive path 
through the microstructure can be observed. 


4.6 Test on Fabricated Individual Grain Boundary 
In order to study the grain boundary characteristics inside a ZnO varistor without 


the influence of the varistor bulk, different individual grain boundary structures 
were fabricated. 


4.6 Test on Fabricated Individual Grain Boundary 


4.6.1 Thin Film Approach 


Grain boundary structure can be simulated by forming two-layer structures in 
which one layer is ZnO and the other is with materials as elements typically found 
at the triple point between grains in the varistor. 

Suzuoki et al. [48, 49] studied a ZnO-Bi,O, two-layer thin film varistor pre- 
pared by RF sputtering as a model system representing a single grain boundary 
in the ZnO varistor. The two-layer thin film structure showed highly nonlinear, 
asymmetrical J-V characteristics whose nonlinear coefficient for reverse bias 
equals or exceeds those of actual ZnO varistors. Based on the J-V and C-V mea- 
surements, it was suggested that a negative charge and associated potential bar- 
rier at the interface provided these nonlinear J-V characteristics. Other works 
on the ZnO-Bi,O, thin film varistor have been reported by Lou [50] and Selim 
et al. [51]. Furthermore, a similar study based on a ZnO-Pr/Co oxide two-layer 
thin film varistor has also been reported. 

The advantages of the thin film approach include the ability to form single 
barriers and control the interfacial chemistry. However, such junctions do not 
accurately replicate the ZnO grain boundary; the barriers seem unstable upon 
biasing and dopants tend to become volatile during fabrication [52]. 


4.6.2 Surface In-Diffusion Approach 


Nonohmic properties can also be obtained by diffusing oxides such as Bi,OA, 
into the grain boundaries of undoped ZnO. This approach relies on the fact that 
the diffusion of dopant ions is more rapid along the grain boundaries. Sukkar and 
Tuller [53, 54] reported that single electrically active ZnO grain boundaries could 
be prepared by using a surface in-diffusion method. In this technique, a “sand- 
wich” composed of undoped polycrystalline ZnO disks were assembled prior to 
annealing with additions to the interface between the two layers. As a result, sin- 
gle electrically active grain boundaries were successfully fabricated in Mn/Pr-, 
Co/Pr-, Mn/Co/Pr-doped ZnO samples. 


4.6.3 Bicrystal Approach 


Among the possible approaches to study an individual grain boundary, a ZnO 
bicrystal with controlled dopants at the interface would appear to be the most 
ideal material for study. 

The fabrication of Bi-doped bicrystal with excellent nonlinearity is still 
challenging; the bicrystal-like structure (or called quasi-bicrystal) has been 
investigated. Schwing and Hoffmann [8] fabricated such structures by sand- 
wiching an intermediate layer of common varistor additives (Bi,O,, MnO,, 
CoO, and Cr,O3) between undoped ZnO single-crystal plates as seen in 
Figure 4.17. The microstructure of the “sandwiches” sintered at 900°C for 
one hour consisted of two single crystals well separated by a 51m thick inter- 
granular layer. For the structures sintered at 1100°C, the microstructure was 
similar except that the ZnO single crystals were in direct contact at certain 
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P Figure 4.17 Fabrication of Bi-quasi 


N J bicrystal representing individual grain 


boundary. Source: Adapted from 
Zno I ZnO  Sukkar and Tuller [54]. 


O N a 


Additives 


ZnO 


points along the interface. The sandwiches fired at 900°C generally exhibited 
superior varistor J-V characteristics, which was attributed directly to the 
presence of a continuous Bi,O,-rich layer at the interface absent in samples fired 
at 1100 °C. Similar works by Cheng et al. have reported Bi-doped quasi-bicrystal 
with excellent nonlinearity [55]. 

AC measurements showed that the potential barriers at the sandwich inter- 
face were due to depletion regions adjacent to the additive oxide interfacial layers 
rather than to the layer themselves. The interfacial layer was believed to set up 
depletion regions and accompanying potential barriers at the sandwich inter- 
faces. However, the exact mechanisms of potential barrier formation during the 
processing were not well understood [51]. 

Comparatively, recent studies reported successful fabrication of high-quality 
Pr-doped bicrystal. Sato et al. [56, 57] sputtered an additional layer of nanome- 
ter thickness onto the contact plane of the ZnO crystal, and the sandwich 
structure annealed at 1100°C for 10 hours. Such Pr-doped bicrystals of various 
coincidence-site-lattice (CSL) boundaries, obtained by hot-pressing joining 


Figure 4.18 Experimentally observed and calculated Pr-doped £7 CSL boundary. Source: Sato 
et al. 2007 [56]. Reproduced with permission of John Wiley & Sons. 


References 


technique, present nonlinearity when the bicrystal interface is decorated with 
Pr atoms (see Figure 4.18 [56]). It is believed that the Pr dopants could promote 
the generation of acceptor-like states and thus endow the grain boundary with 
electrical nonlinearity [56, 57]. Moreover, Co-doped [58, 59], Sb-doped [60], and 
Mn-doped [59] bicrystals were also reported. 
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5 


Simulation on Varistor Ceramics 


A varistor can be regarded as a complex multijunction device composed of large 
numbers of both ZnO grains and grain boundaries. The influence of the geome- 
try and topology of the granular microstructure as well as the properties and the 
distribution of electrical characteristics of grain boundaries on the features of 
bulk varistor devices is an important issue. The simple J-V characteristic models 
and the full J-V characteristic models from a thermionic emission description 
of current transport across a boundary and the actual conduction mechanism of 
the grain boundaries as well as the capacitances of the grain boundaries are intro- 
duced for simulating the grain boundaries. The methods to simulate the actual 
microstructures of ZnO varistors are presented, not only the electrical charac- 
teristics in the microstructure can be analyzed but the temperature and thermal 
stress distribution can also be coupled. These electrical network-based simula- 
tions will undoubtedly bring even greater insights into the behavior of varistors 
and other electrical ceramics. The influence of different microstructural param- 
eters on the macroscopic characteristics of varistor bulks are presented, and the 
optimal measure decreasing the residual voltage ratio of ZnO varistors is also 
concluded from the simulations. The simulation can well direct the sintering of 
ZnO varistors with different purposes, such as a varistor with low residual voltage 
ratio. 


5.1 Introduction 


A bulk varistor is a complex multijunction device composed of large numbers 
of both ohmic and nonlinear elements connected in a random network. The 
microstructures of ZnO varistors are composed of numerous ZnO grains and 
grain boundaries. If all the grain boundaries were identical, the coordination of 
all the grains the same, the shape of all the grains the same, and the area of each 
grain face the same, then the current density—electric field (or voltage gradient) 
(J-E) or current-voltage (J-V) characteristics of the varistor would be the 
same as that of the individual grain boundary [1]. However, the microstructures 
of ZnO varistors are highly nonuniform, so the electrical properties of grain 
boundary microjunctions are not identical [2—4]. 

The bulk electrical characteristics of a ZnO varistor are decided by the net- 
work of ZnO grains and boundaries in series and in parallel. The influence of the 
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geometry and topology of the granular microstructure, as well as the properties 
and the distribution of electrical characteristics of grain boundaries on the fea- 
tures of bulk varistor devices, is an important issue. Because variations exist in 
each of these parameters, the overall J—V characteristics are different. The ques- 
tion then becomes how various varistor characteristics are dependent on these 
variations of microscopic parameters of ZnO grains and grain boundaries [1]. 
Simulation analysis on the actual microstructure and electrical characteristics 
of ZnO varistors can effectively analyze the influences of different factors, such 
as grain size, barrier voltage, and nonlinear coefficient of single grain bound- 
ary, which are respective to different dopants and sintering techniques, on the 
global electrical characteristics, and the effect of their distributions related to 
the nonuniformities of ZnO varistors can be considered easily. Overall, the sim- 
ulation study of such systems is helpful to reveal the connection between the 
microstructure and macroscopic characteristics of varistor ceramics. 

The essential difticulty in addressing such questions quantitatively is that the 
I-V characteristics of the individual boundaries are highly nonlinear. Conse- 
quently, describing current transport in polycrystalline varistors is a problem of 
percolation theory in a highly nonlinear medium. This was recognized early in 
the development of ZnO varistors, and a number of consequences were discussed 
based on the idea that the disorder resulted in “chains” of more conducting paths 
through the microstructure [1]. 

The simulation of the DC electrical characteristics of ZnO varistors based on 
their microstructures has already been reported [5-18], and 1D and 2D simple 
circuit simulation models were applied to analyze the J-V characteristics and 
the thermal breakdown of ZnO varistors. In modeling the current transport in 
varistors, the microstructure is first described in terms of an equivalent electrical 
network of nonlinear resistors, and then a disorder is introduced into the net- 
work. Finally, the spatial distribution of current flow is determined in response 
to an applied voltage or current. A circuit model, in which the Voronoi network 
was applied to present the actual microstructures of ZnO varistors with randomly 
distributed ZnO grains and grain boundaries, was first proposed by Bartkowiak 
and Mahan [5]. 

Usually, the grain boundaries in these models were described by the approx- 
imate empirical formulas, instead of their actual conduction mechanism. This 
means that these J-V characteristics are phenomenological rather than a detailed 
physical description. The detailed physical description of the grain boundaries are 
considered by Long et al., especially the capacitance characteristics of the grain 
boundaries were first considered, which makes the simulation on AC and surge 
performances of ZnO varistors possible [19]. 

A finite-difference numerical method was used to obtain current density dis- 
tributions in the varistor material [20]. Defects and surrounding varistor material 
are represented on a fine computational mesh. The electric potentials at all mesh 
nodes satisfy current continuity, V - J = 0, in each mesh cell. This results in unique, 
self-consistent macroscopic solutions for the electric potential and current den- 
sity distributions. The local current density depends on the local electric field, 
and the field is obtained from the nearby mesh potentials. Material dielectric con- 
stants do not enter into these computations; the time-independent solutions are 
fully determined by material conductivities. 
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5.2.1 I-V Characteristic Model of Grain Boundary 


In the past, all simulation models were based on the J-V characteristic models of 
single grain boundaries in varistors. The J-V characteristics of grain boundaries 
were assumed to be similar to those of varistor bulk; this model can be used in the 
analysis of the current flowing through the varistors at a constant applied voltage. 

The J-V characteristics of grain boundaries in a ZnO varistor were measured 
by a microcontact test and are shown in Figure 4.9, and the grain boundaries 
can be classified into good and bad ones as discussed in Section 4.4, where 
good means the grain boundary has a good nonlinear J—V characteristics, and 
bad means the nonlinearity is bad, even presents a linear property. Therefore, 
two principal types of grain boundary junctions are considered in simulations. 
One is a purely resistive, i.e. linear, boundary having a conductance that is the 
same as that of the grains themselves. The second type of grain boundary is 
the one having a nonlinear varistor characteristic. Usually, these boundaries are 
treated, electrically, as shunted junctions having the following current-voltage 
characteristics [13]: 


I= Vo,+ 0.5Vo [1 +tanhs(V — Vp)] (5.1) 


where o, is the shunt conductance, describing the leakage current that flows 
even at voltages smaller than the barrier voltage, ø, is the conductance of the 
grain, which is typically orders of magnitude larger than the shunt conductance, 
Vp is the barrier voltage, and s is an additional parameter that controls the 
numerical value of the dynamic conductance and is used to adjust the degree of 
nonlinearity of the J-V curve. 

Although both /-V characteristics described by Eq. (5.1) are a phenomenologi- 
cal description rather than a detailed physical description, it does incorporate the 
essential physical features of models describing the grain boundaries of a varistor. 
It is also relatively straightforward to program. 

In the simulation model of Bartkowiak et al. [7], the grain boundaries were 
divided into “good” junction with high nonlinearity, “bad” junctions with poor 
nonlinearity, and linear ohmic junction with low resistivity, according to the 
microcontact measurements upon single grain boundaries in literatures. The 
I-V characteristics of good and bad junctions are described as switching 
functions composed of two pieces. A good grain boundary characteristic is 
described by [7] 


v y50 
JIV)= = (ro) (for V < Vo,) (5.2) 
Ry V”? 0g 


v V 50 7/2 HP -5/2 
J= 1+ 2 1+ —*— (for V > Va) (5.3) 
z( Vg” Vpn ya » 


where J(V) is the 2D current density, V is the voltage across the boundary, R 
is the leakage resistance of a unit area of grain boundary, and V, is the barrier 
voltage of the junction, which is set to Vg = 3 [7]. Vg is the voltage for which 
the nonlinear coefticient a = d(log;, J)/d(log,) V) reaches half of its maximum 
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and corresponds to the position of the “knee” of the characteristic. Typically, 
experimental measurements give a leakage resistivity p, of real varistors of order 
104-10 Q cm, this corresponds to the value 10°—10!° V cm? for the leakage 
resistance of a unit area of grain boundary; therefore, R, is set to 10° and defines 
the normalization scale of the units. For V < Vog the function in Eq. (5.2) 
describes the prebreakdown and the breakdown regions of the characteristic. 
The upturn region in the J-V characteristic at high current density is modeled 
by the characteristic of Eq. (5.3) for V> Vog- The parameter Vog, at which 
the two parts join smoothly, determines the resistivity of the junction in the 
upturn region p,, i.e. the resistivity of ZnO grains. As p, = 0.1-1 Q cm, we take 
Vog = 3.467, which gives p,/p, = 101! to correspond to typical experimental data. 
The above parameters give a behavior with a maximum nonlinear coefficient 
amg © 51 and a sharp breakdown. 
For the bad grain boundary property [7], 


50 \ 1/5 
¥ (1+ 45) » VS, 


R y, 50 

IV)=4 * Bos 11/8 se (5.4) 
E+ ) (1>) V>V, 
R, V VzV5) ” i 


where the barrier voltage Vg here is the same as for the good microjunctions, 
i.e. Vz = 3. The leakage resistance of a unit area of grain boundary R, for bad 
microjunctions is chosen 100 times lower than that for good grain boundaries, 
i.e. R, = 10”. To ensure consistency, the ratio of the prebreakdown to the upturn 
resistivity »,/p, for bad microjunctions must be 10°. This is achieved by taking 
V op = 3.622. The electrical characteristic given by Eq. (5.4) has a maximum non- 
linear coefficient a mp © 11. 
Finally, the ohmic grain boundaries have a linear characteristic, 


V 
JV) = R, (5.5) 
where R, is the resistance of a unit area of the boundary. It is fixed at R, = 2x105. 
This choice, as well as that for the values of the parameters in Eqs. (5.3) and (5.4), 
follows from the microcontact measurement data of Cao et al. [21]. 

Eda simulated the J-V characteristics of the ZnO varistor and its tempera- 
ture dependence according to the conduction mechanism based on the theory of 
double-Schottky barriers [18]. The equation is available to consider the Schottky 
emission current, which is dominant in the small current region and has a strong 
temperature dependence, and the highly nonohmic current, which is dominant 
in the high-current region. An improved I-V characteristics of a single grain 
boundary was proposed by Chen et al. for two-dimensional simulation [9]: 


1/2 a 
Ai p a n +4,(Z). vzv, 
Pgb K,T Vg 
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where A,, A, and A, are the constants for I-V curve of a single grain boundary, 
their typical values are 2.5 x 1016 AQ cm™, 0.01 A Q cm~, and 1 AQ; Pep is the 
resistivity of the grain boundary, 10” Q cm is selected; p, is the resistivity of the 
grain with a typical value of 1 Q cm; E, is the barrier height with a typical value 
of 0.8 eV; p = [e?/(4xtee,)]!? is a constant related to the electrical characteris- 
tic and geometrical structure of the intergranular layer of ZnO varistors (e is the 
electron charge, £o is the permittivity of free space, €) = 8.85x10- F m7}, e, is 
the relative dielectric constant of the intergranular layer, which is in the range 
from 4 to 25 (e, = 15 is usually selected), and ¢ is the thickness of the inter- 
granular layer in ZnO varistors, whose actual value is about 1200 A), we can 
obtain f = 2.83 x 107? eV"; k, is the Boltzmann constant, 1.38 x 107” J K~; 
T is the temperature in K; V is the voltage applied between the two neighbor- 
ing grains; and d;j is the distance between the centers of two neighboring grains 
i and j; V, is the onset voltage from the breakdown region to the upturn region, 
Va = VgJy/A2)!/, under J,, = 10? A cm”. The first row in Eq. (5.6) corresponds 
to the J-V characteristics in the prebreakdown and breakdown region within 
which the current behavior is determined by the thermal activated emission of 
electrons and the tunneling current, and the second row corresponds to the char- 
acteristics in the upturn region where the current behavior is determined by 
the resistivity of the ZnO grain. The J-V characteristics of good and bad grain 
boundaries can be easily considered in Eq. (5.6) by considering the distributions 
of barrier voltage, nonlinear coefticient, and barrier height, etc. For linear grain 
boundary, the Z-V characteristics can be calculated by /(V) = V/R; instead of 
Eq. (5.5), where R; is the resistance of a linear grain boundary, which is equal to 
dp, and p, is the resistivity of the linear grain boundary. 

However, observations of the microstructure, particularly at a high spatial 
resolution, reveal that the microstructure can be quite complex. Second phases, 
such as spinel and various Bi,O, polymorphs, each with a different thermal 
expansion coefficient and electrical conductivity, are usually present [1]. Also, a 
bismuth-rich intergranular film has been reported at grain boundaries by many 
investigators as well as bismuth-rich segregation at other grain boundaries. 
Additionally, experimental measurements of the current-voltage characteristics 
of individual grain boundaries reveal that there is a distribution in the breakdown 
voltage as well as variations in the nonlinear coefficient of the ZnO varistor 
[21-32]. Therefore, in the simulation, the grain boundary parameters, including 
the breakdown voltage (or the barrier voltage) and the nonlinear coefficient, 
should consider their wide distribution, as described in Section 4.3. 

Figure 5.1 shows the J-E curve with different values of average grain size s, 
disorder degree d, E(a), and o(a). E(a) and o(a) are the mean value and the stan- 
dard deviation of nonlinear coefficient a, respectively. It can be found from the 
simulation that in order to improve the sensitive voltage gradient, it is effective 
to decrease the average size of the ZnO grain and to improve the uniformity of 
ZnO grain size, whereas in order to decrease the residual voltage, the mean value 
and the uniformity of the nonlinear coefficient of ZnO grain boundaries should 
be increased. 

When the ZnO varistor is operating in the low voltage gradient region, the 
I-V characteristic has an obvious temperature coefficient within the low volt- 
age gradient region as shown in Figure 5.2; this is very important to the critical 
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temperature causing a thermal runaway. The current will increase by more than 
10 times if the temperature increases to 50 K, which leads to a great increase in the 
temperature of ZnO varistor. The current in the low voltage gradient region can 
be effectively reduced by improving the electrical resistivity of the grain bound- 
ary pgp; thus, the ZnO varistor can operate on a higher temperature, which would 
permit the ZnO varistor to absorb more surge energy. 

Another example of the insight that can be gained through the simulations is 
shown in Figure 5.3 [1]. In this particular case, the effect of increasing the width 
of the Gaussian distribution in barrier heights on the overall J-E characteristics 
is shown. 


5.2.2 GB Model Considering Conduction Mechanism 


Ideally, the full Z-V characteristics from a thermionic emission description of the 
current transport across a boundary would be better to improve the simulation 
precision; the model should consider the actual conduction mechanism of the 
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Figure 5.3 Effect of a Gaussian distribution of barrier heights on both (a) the I-V 
characteristics and (b) the nonlinear coefficient for different standard deviations. Source: 
Clarke 1999 [1]. Reproduced with permission of John Wiley & Sons. 


grain boundaries, as well as the capacitances of the grain boundaries, although 
this greatly increases the computational time. 

As discussed in Chapter 2, several possible theories have been reported to 
explain the conduction mechanism of the grain boundary of ZnO varistors 
[23, 26, 33-35]. The hole-induced breakdown model for the double-Schottky 
barrier in the ZnO grain boundary, which was proposed by Blatter and Greuter 
[26, 35], has become the most accepted theory at present. As this theory model 
was described by a large number of complex equations, simple empirical formu- 
las were always used to present the ZnO grain boundaries in their simulation 
models. 

The microstructures at the grain boundaries are quite complicated. Eda [36] 
summarized the results in literatures [37—40] and roughly classified the grain 
boundaries into three types: 


(1) Type I — thick intergranular layer: this region exists in the corner of adjacent 
ZnO grains, whose thickness is thicker (about 0.1-1 um), with rich addi- 
tive segregations, for instance, Bi,O;. The melting point of Bi,O, is 825°C, 
which decreases to 750°C when coexisting with ZnO. Hence, a liquid phase 
is formed during sintering. The liquid phase is likely to gather at the holes cre- 
ated by the packing of the ZnO grains. Therefore, one can easily find the thick 
Bi,O,-rich intergranular layers at the packing holes in the sintered body. 

(2) Type II — thin intergranular layer II: the Bi,O,-rich intergranular layer 
becomes thinner (10-1000 A) as it approaches the contact points of the 
particles; this region locates in the closer contact place of adjacent ZnO 
grains with its thickness much thinner than region I. This region is called as 
type Il. 

(3) Type III — no intergranular layer: in the closest contact region of ZnO grains, 
there is almost no grain boundary intergranular layer than can be observed. 
However, experimental results indicate that this region is rich in additive ele- 
ments, e.g. Bi, Co, and plentiful O ions. 


Similarly, a grain boundary is divided into three regions A, B, and C as shown 
in Figure 5.4, which are respective to types I, II, and III [19]. Region A is the 
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Figure 5.4 The structure of a grain boundary in the ZnO varistor. 


Bi,O,-rich intergranular layer occupying the ZnO grain corners with large 
thickness and high resistivity, region B is the nonlinear double-Schottky barrier, 
and region C has no intergranular layer at all, where the two adjacent ZnO grains 
contact with each other directly. 

Based on the above different regions, Eda has proposed the bypass eftect model, 
(see Figure 5.5a [36]), where R7, Rg, and R; are the resistances of the ZnO grain, 
Schottky barrier, and intergranular layer, respectively, C and C, are the capaci- 
tances of Schottky barrier and intergranular layer, respectively, and Figure 5.5b is 
the respective simplified model. 

The improved equivalent circuit of a ZnO grain boundary was proposed by 
Long et al. [19] as shown in Figure 5.5c according to its three-zone model. The 
model parameters can be deduced from the actual conduction mechanism pro- 
posed by Blatter and Greuter [26, 35]. For each grain boundary, Zp, is composed 
of a nonlinear resistance Rpg and a nonlinear capacitance Cpg. Here, the nonlin- 
ear resistance Rpg can be calculated from the current density through the barrier 
and the voltage applied on the grain boundary: 


R= (5.7) 


V 
Js 
where V is the voltage applied across the double-Schottky barrier and J is the 
current density through the barrier whose area is S. 

The mechanism by which current flows across the boundary is generally con- 
sistent with a thermionic emission process. At the same time, additional electrons 
can be trapped at the boundary, and there is a dynamic flow of trapped charges 
between the grains and the boundary. The thermionic emission formula is used 
to calculate the current density through the double-Schottky barrier [1]: 


V)+ 
J(V) = A* T? exp | ——) exp (-) (5.8) 
B B 


where ¢, is the barrier height, A* is the Richardson constant, kg is the Boltzmann 
constant, T is the absolute temperature, e is the electronic charge, and € A is the 
difference between the conduction band level Eç and the bulk Fermi level E,. 
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Figure 5.5 (a) The bypass effect model and (b) the simplified model proposed by Eda. Source: 
Redrawn after [36]. (c) The modified equivalent circuit and (d) the respective simplified 
equivalent circuit of a grain boundary in the ZnO varistor. Source: Modified from [19]. Zoa» 
Zep1, and Z,c, are the partial resistance values of the ZnO grain on the left side of the grain 
boundary, which correspond to regions A-C, respectively in Figure 5.4. Zoaz: Zesz, and Z¢c> are 
those values of the ZnO grain on the right side of the grain boundary. Z, is the resistance of 
the intergranular layer in region A, and Zpg represents the nonlinear double-Schottky barrier in 
region B. 


In order to obtain the current density, the Poisson equation is solved to get the 

barrier height: 

g Q(x) 

— = = 5.9 

qe) = — (5.9) 
where Q(x) is the charge distribution in the grain boundary, €, is the permittivity 
of the vacuum, and g, is the relative permittivity of ZnO. The barrier height h, 
depends on the interface charge Q, and the applied bias voltage V [19, 35]: 


2 
= 3(1-2) (5.10) 


Ke 
Q 
= —— (5.11) 
2eege,N, 
where Q; is the charge density of the interface states in the grain boundary, which 
depends on the applied voltage V, V „is an intermediate variable without practical 
significance, and N;(E) is the energy distribution function of the interface states. 
The interface charge Q;(V) is determined by the density of interface states N,(E), 
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and Q; is determined self-consistently as N;(E) is fixed with respect to the valence 
band at x = 0 [25]: 


Q= ef NiŒY:Œ) dE (5.12) 
Ea 


where f;(E) is the Fermi distribution function, E is the energy level, and Ef, is 
a fictitious Fermi level describing the neutral interface. The Fermi distribution 
function f;(E) can be presented as 
1 
(E) = ——__—_____ 
fi 1+ exp((E — Eri)/kg T) 
where Ey; is the quasi-Fermi level at the interface that shifts with respect to the 
bulk Fermi level Ep for V > 0: 


(5.13) 


2 

Ey, = Ep — kT In ee URT] (5.14) 
Obviously, Eş; is shifted from the bulk Fermi level due to the applied voltage V. 
From Eqs. (5.9)—(5.14), the barrier height @, and the interface charge Q; as the 
applied bias V can be solved, and then the current density through the barrier 
will be obtained. From Eq. (5.7), the dynamic resistivity of the double-Schottky 
barrier with an applied bias between the two neighboring grains with voltages V% 

and V, per unit area is 


ae Vir — Vi 
t IVen TV) 
The nonlinear capacitance of the unit area Cpg also depends on the applied 
voltage V [41]: 


C= e£oEN4 S (5.16) 
V 2 VG + VO 


where N4 is the donor density. 
Figure 5.3 can be simplified as the circuit shown in Figure 5.5c, and the respec- 
tive parameters of the equivalent circuit will be 


1 1 


(5.15) 


Yc = ————— + —— 617 
^E Roa + B+ Rea Reci +Recz 
Rep = Resi + Repo (5.18) 
Yop = as (5.19) 
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The ratios of these three-zone areas to the total area of the grain boundary 
are defined as P,, Pg, and Po, respectively. By adjusting these ratios, the differ- 
ent types of grain boundaries can be described. When P, equals to 1, the grain 
boundary is “ohmic”; when P, is larger than Pp, the grain boundary shows a “bad” 
nonlinear property; when P, exceeds P}, the grain boundary shows a “good” 
nonlinear property. Generally, the value of Po is always set to zero except some 
special conditions. For example, when a ZnO varistor sample is sintered under 
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Figure 5.6 The dynamic resistivity and the capacitance per unit area of zone B. Source: Long 
et al. 2010 [19]. Reproduced with permission of John Wiley & Sons. 


too high temperature or with too long time, the most amount of Bi,O;, volatilizes 
from the grain boundaries. As a result, the adjacent ZnO grains merge with each 
other closely, which can be observed obviously through the SEM photos. Then, 
Pc should be set to a nonzero value, and zone C would play a dominant role in 
the deteriorated electrical characteristic of the varistor sample [19]. 

The typical parameter values of ZnO varistors used in the simulation can 
be selected from literatures [23, 34], including the ZnO grain resistivity p, of 
1 Q cm’, the ZnO grain band gap E, of 3.2 eV, the ZnO grain Fermi level Ep of 
3.133 eV, the grain boundary surface-state energy level E; of 2.3 eV, the ZnO grain 
donor density N4 of 1 x 10!8cm~, and the grain boundary interface density N; 
of 1 x 10? cm~?. The time step dt is selected as 107° s, the percent of zones A, 
B, and C in whole grain boundaries are Py = N(0.2, 0.3), Po = N(0, 10-6), and 
P = 1— P, — Pc- The typical curves of dynamic resistivity and capacitance per 
unit area of zone B as the functions of applied voltage are shown in Figure 5.6. 


5.3 Simulation Model of l-V Characteristics 


5.3.1 Simple 2D Simulation Model 


Although considering the nonlinearity of the individual resistor of the grain 
boundary makes the simulation of the J-V characteristics very complicated, 
the essential ideas involved in each step are quite straightforward [1, 11]. The 
first step is to represent the microstructure by an electrical network [1]. Usually, 
the representative microstructure used to simply model ZnO varistor is shown 
in Figure 5.7 [1], which consists of an array of square grains with an insulating 
phase at each corner and a nonlinear resistor representing the grain boundary 
at each of the two grain junctions. The array of nonlinear junctions, which will 
be used to calculate the J-V characteristics of the material, is the mathematical 
dual of this square array and is thus also the square array in this case. Once the 
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Figure 5.7 The simplified network 
model of a varistor with nonlinear 
resistors residing between the nodes. 
The array of grain boundary resistors 
is the topological dual of the 
microstructure of square grains. 
Source: Clarke 1999 [1]. Reproduced 
with permission of John Wiley & Sons. 
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network topology is defined, the J-V characteristic of each grain boundary 
resistor is selected, and, at this stage, the disorder is introduced. 

Secondly, variations in the observed microstructures are incorporated in 
the model by varying the electrical characteristics of individual boundaries. 
For instance, the observation that different proportions of the grain boundary 
area are covered by the wetting phase at the multiple grain junctions can be 
expressed by variations in the grain boundary resistance from one boundary 
to the next. Similarly, the crystallographic texture of the microstructure can be 
included by assigning the crystallographic orientation of each grain according 
to an appropriate rule. In the present scheme in which piezoelectric effects 
are neglected, the orientation of each grain is chosen at random. In order to 
simplify the simulation, the second phase is also assumed to have no effect on 
the electrical characteristics, and the resistance of all the grains is fixed to the 
same value. In order to take into account the fact that the grain size of most 
ceramics is not uniform and that not every grain boundary has a Schottky 
barrier, a certain portion of the boundaries in the microstructure is assigned to 
be normal, linearly resistive grain boundaries. Therefore, an eftective grain size 
is introduced to characterize the microstructure of the modeled polycrystalline 
system. The latter may be compared with the nonlinear exponent as a function 
of junction voltage calculated by Mahan et al. from a modified back-to-back 
Schottky barrier model [22]. 

In the third step, the overall electrical characteristics of the polycrystalline 
microstructure are calculated. First, however, each junction in the microstruc- 
ture is assigned either a linear or nonlinear electrical characteristic at random 
with a prescribed probability. Then, the barrier voltage of each nonlinear 
junction is picked, again using a random number generator, from a Gaussian 
distribution chosen to represent the distribution of junction voltages observed 
in the experiment. Having assigned the junction characteristics, current flow 
through the network of junctions is computed. This corresponds to a bond 
percolation model in which the individual bonds are either linear or nonlinear 
resistors, as distinct from usual percolation models in which each bond is a 
linear resistor [42]. 

Once the network is selected and the disorder is introduced, the current flow 
through the network at a constant applied voltage is computed subject to the 
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constraint that the current conservation is maintained at each node as shown in 
Figure 5.7. This is invoked by applying Kirchhoffs law to each node [13]: 


2 i= 2v: - Vlo, + 0.50,(1 + tanhs[|V; — V;| — VDI (5.20) 
J J. 


where i and j denote the node and its neighbors, respectively, o, is the shunt con- 
ductance, describing the leakage current that flows even at voltages smaller than 
the barrier voltage, o, is the conductance of the grain, which is typically orders of 
magnitude larger than the shunt conductance, and s is an additional parameter 
that is used to adjust the degree of nonlinearity of the J-V curve. 

Equivalently, Kirchhoft’s law may be expressed in terms of the voltages and 
conductances across each boundary [11]: 


YW, - Vio, =0 (5.21) 
j 
where the conductance of the individual boundary is 


o} fora resistive boundary 


Cyi= oË + 0.50! EEREN E r= Mii for a nonlinear 
Va boundary 


(5.22) 


In the computations, a voltage source is applied across the network with ohmic 
contacts being established at both the top and the bottom ends of the network by 
assigning the first and last row of boundaries as being resistive. Periodic bound- 
ary conditions are also applied to the network in the direction perpendicular to 
the applied voltage. For a system of N grains, there are N separate Kirchhoft’s 
equations, from which the electrical potential at each grain is solved numerically 
for each applied voltage across the varistor. The total current through the network 
is then calculated for each applied voltage. The dynamic conductance, or the non- 
linear coefticient, a, is then calculated according to the definition « = d ln7/dln V. 
Other parameters can be set as s = 20, o,/o, = 1076, the average of Vz, Vg = 1 
and the conductance of the grains, o, = 1, i.e. voltages are normalized to V} and 
the currents are normalized to o, Vg. 


5.3.2 2D Simulation Models Based on the Voronoi Network 


The grain structure of a ceramic is an example of a space-filling cellular structure. 
One of the simplest ways to model such structures is the Voronoi construction or 
Voronoi tessellation [43]. The geometry and topology of Voronoi networks closely 
resemble those found in grain growth from random nucleation sites. In this way, 
Voronoi networks provide a natural model for the study of transport through 
disordered structures such as ceramic materials. The Voronoi construction also 
allows one to cross the whole range from regular lattice to completely random 
networks and address the question of how a disorder in the local connectivity 
affects the global properties across the network. The Voronoi network, a kind 
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of geometric diagram, has been proved as a reasonable model to simulate the 
microstructures of ZnO varistors [5]. 

The microstructures of ZnO varistors are highly nonuniform, and the electri- 
cal properties of grain boundary microjunctions are not identical. In order to 
consider the microstructural nonuniformity, Bartkowiak et al. [4-6] described 
the electrical properties of polycrystalline ZnO varistors by a two-dimensional 
Voronoi network model, which can consider the actual microstructure of ZnO 
varistors. 

A Voronoi polygon structure comprises randomly generated polygons that 
cover a spatial region with no gaps between adjacent polygons. This structure is 
generated using an algorithm that the spatial region to be partitioned around a 
random set of geometric centers in such a way that each polygon represents the 
region closer to a given center than any other center. As the structure consists 
of flat-sided polyhedron perfectly packed together, there is an interdependence 
in the shape between any polygon and its neighbors [44, 45]. Voronoi networks 
are formed by intersecting perpendicular bisectors of lines connecting the 
neighboring seeds. The distribution of the geometric centers determines the 
granular geometry. When using different initial distributions of geometric 
centers, different granular geometries can be generated. The nonuniformity 
of Voronoi network can be regulated by changing the disorder degree. If the 
seed points are arranged in the same clearance L = 1, a disorder is introduced 
by displacing individual seeds within a disk of radius d around their original 
seed positions, where d is defined in units of the distance between the nearest 
neighbors in the triangular lattice and is called as disorder degree. Physically, 
a Voronoi network can be interpreted as a two-dimensional growth process 
starting simultaneously at all nucleation seeds and proceeding in the plane at a 
constant uniform rate until it is terminated whenever two approaching growth 
fronts reach each other. Therefore, the geometry and topology of Voronoi 
networks closely resemble those found in grain growth from random nucleation 
sites [5]. Therefore, it can effectively simulate the disordered structures of 
ZnO varistors, and the nonuniformity of ZnO varistors can be simulated by 
changing the disorder degree. Each cell represents a ZnO grain, and each edge 
corresponds to a grain boundary. 

ZnO varistors simulated by Voronoi networks with different disorder degrees 
are generated and shown in Figure 5.8 [46]. Each polygon in the Voronoi network 
represents one of ZnO grains, and each sideline of the polygon represents the 
grain boundary between the two ZnO grains. The ZnO grain has a wurtzite 
structure, and the ideal two-dimensional microstructure of the ZnO varistor 
consists of standard hexagons, which is respective to the disorder degree d = 0 
(Figure 5.8a). When the disorder degree increases, the microstructure changes. 
As discussed by Priolo et al. [47], it is observed that the lattice becomes topo- 
logically disordered when the disorder degree above d = (V3 — 1)/4 = 0.183. 
When the disorder degree is larger than 3, the generated Voronoi network is very 
similar to the actual microstructure of the ZnO varistor as shown in Figure 5.8f, 
and the topological structure can be regarded as generated from a fully random 
distribution of seed points. 
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Figure 5.8 The generated Voronoi networks with a different disorder degree d: (a) d 


(b) d 
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Figure 5.9 The simulation of the 
grains and their connections in 
the ZnO varistor. 


The respective equivalent circuit of the two-dimensional Voronoi network is 
shown in Figure 5.9 to simulate the microstructure of a single film (thickness = /) 
of the polycrystalline ZnO varistor. Each polygon represents a ZnO grain, and 
each edge of the polygon shared by adjacent polygon corresponds to their grain 
boundary. When the thickness t varies, the corresponding microstructure repre- 
sents the ZnO varistor polycrystal of different average grain size. Similarly, the 
varied disorder degree d can represent the polycrystalline ZnO varistor with dif- 
ferent uniformity of grain sizes. 

Then, the electrical relations among the grains can be deduced following the 
Voronoi network model. If there is a shared edge between the two polygons, a 
nonlinear resistor is used to simulate the electrical relation between them. The 
inner region of a polygon is considered as an ideal conductor. 

As the simulations are one dimensional and two dimensional rather than three 
dimensional, it is likely that some of the functional dependencies measured 
will differ from those analyzed by one-dimensional and two-dimensional 
models. However, in common with other percolation problems, one can expect 
that the three-dimensional results will be related to those in two dimensions 
through an appropriate scaling. Thus, grain size variations and variations in 
boundary-to-boundary breakdown voltage will still cause decreases in both 
the dynamic conductance and the polycrystalline breakdown voltage, but the 
numerical values will be different [11]. 


5.3.3 Consideration on Pores and Spinels 


Obviously, the pores and spinels produced during the sintering process of ZnO 
varistor have an influence on the electrical characteristics of the ZnO varistor. 
This can be considered by adjusting the parameter of Voronoi network's edge to 
simulate the pores and spinels. The edges inside the Voronoi network are selected 
stochastically according to the set ratios of the pores and spinels. The conductivity 
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of the edge is set as 0 to simulate a pore, which means that this edge is in the 
insulation state. For the simulation of spinel, the edge is set as the high-resistivity 
state [48, 49]. 


5.3.4 Algorithm to Solve Equivalent Circuit 


Figure 5.9 can be transferred as a standard circuit as shown in Figure 5.10 [19]. 
If the grain boundaries are handled as a resistance decided by their J-V char- 
acteristics as shown in Section 5.2.1, Rj is a resistance, so the analysis will be 
simple. The external voltage is applied between the top and the bottom edges of 
the Voronoi network, i.e. the potential of the top edge is U, and that of the bottom 
edge is 0. The node voltage equations of the circuit can be deduced according to 
Kirchhoft’s law. Therefore, we obtain 


N42 
IU) = ¥ lym(sign(Ui, - UJ;(U; - U;)) = 0 (5.23) 
i 
where U is the vector (U, U» ..., Uy) and L; is the length of the common edge 
between the polygon i and polygon j. If grain j is not a neighbor grain of grain i, 
then Z; = 0. m is the thickness of the ZnO varistor. 

The grain voltages (U,, U, ..., Uy) in Eq. (5.23) can be derived iteratively; 
hence, the current passing through every edge can be calculated. However, if 
the capacitance and the actual conduction mechanism of the grain boundaries 
of ZnO varistors are considered as discussed in Section 5.2.2, then R; will be a 
dynamic impedance, which consists of resistance and capacitance in parallel. This 
makes the simulation of the J-V characteristics require considerable computa- 
tional resources [48, 49]. 

In this case, the dynamic resistivity in Eq. (5.15) and capacitance in Eq. (5.16) 
change with the applied voltage, and they are handled based on time discretiza- 
tion and the piecewise linear method. The current through the capacitance is 
i = C du/dt, the admittance of the capacitance Y, can be expressed as Yç = C/dt, 


Figure 5.10 The bulk equivalent 
circuit of a ZnO varistor sample. 
Source: Long et al. 2010 [19]. 
Reproduced with permission of 
John Wiley & Sons. 
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whereas the time step dt should be small enough. Based on Kirchhoft’s law, the 
electrical network of ZnO varistor can be solved in each time step, the voltage 
waveform is discretized by time step, and the dynamic resistivity and the capaci- 
tance in this time step are determined by the applied voltage in the last time step 
on the grain boundaries; the impedance is changed at each time step. According 
to this nonlinear impedance network of the ZnO varistor as shown in Figure 5.10, 
a group of nonlinear equations can be established by Kirchhoft’s laws: 


AI=0 
U =A"Uy (5.24) 
Unin-1) =U, 


=f) G=1,2,...,(b- ) 


where J and U are b dimension vectors of branch currents and voltages, whereas 
b is the number of circuit branches; Uy is a (n — 1) dimension vector of node 
voltages, whereas n is the number of circuit nodes and its last element equals to 
external applied voltage L/,; A is a (n — 1)x b dimension matrix describing the 
relation of all nodes and branches; and f are the functions of each branch cur- 
rent and voltage (excluding the branch of external applied voltage source). If the 
external applied source is a current source /,, the third equation in Eq. (5.24) will 
be changed as J, = J,. 

In equation sets shown in Eq. (5.24), the first and second rows are the equations 
decided by Kirchhoffs laws, the third row is the constraint condition of voltage 
or current source, and the fourth row is the dynamic J-V characteristics of grain 
boundaries. 

By solving the above group of nonlinear equations based on the nonlinear 
equivalent circuit, the bulk electrical characteristics of a ZnO varistor sample 
under a special applied surge current J, can be simulated. Usually, the Newton 
iterative method was used to solve the DC response of ZnO varistors. However, 
the grain boundary model in Eq. (5.24) is much more complex than a simple 
empirical formula proposed by former researchers. In addition, this grain 
boundary model is time related because of the nonlinear capacitance Cpg of 
the double-Schottky barrier. As a result, it is impossible to solve the above 
nonlinear equivalent circuit of the ZnO varistor by the traditional Newton 
iterative method. Thus, a quick piecewise linear method is proposed, which is 
illustrated as Figure 5.11 [49]. 

The differences of currents and voltages between time steps t, and f,,, are 
defined as [49] 


AID = eH) _ 7 

Aue» = ye) _ y® 

Ayt? = y _ y® (5.25) 
N N N 


A kD = pk) = J® 
s s s 


The functions f(U“+) can be expanded with Tailor series as below. As the 
differences of branch voltages between t, and f;,,, are quite small, those higher 
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to D 


Figure 5.11 The quick piecewise linear method for solving the nonlinear equivalent circuit of 
the ZnO varistor [49]. 


power items of Tailor series are omitted [49]: 


me ) 


f(u*») =f(U® 4 AU®*) z f(u™) pa ALO (5.26) 


From Eqs. (5.24)-(5.26), a new group of linear iia can be deduced, in 
which the differences of currents and voltages between t, and ¢,,, are unknown 
variables. If the applied source is a voltage source, then 


AAD = 

AUD = ATAUG 
(k+1) = (k+1) 

AUN, 1) AU, 


YU; a) 
KED (k+1) — k+1) 4 7 p(k+D R mci = 
Ali? = =a AUG? =d PAU G = 1,2,---.-1) 
(5.27) 
If the source is a current source, then the third equation in Eq. (5.27) should be 
changed as AI**? = al**”, df (Ui) /dU i is the dynamic admittance of a grain 


boundary ay a 
From Figure 5.5c, we can obtain the following equations [49]: 


U = Repleg + Ube a 
Ics = YoUpp + CHa (5.28) 
I= Ieg + Yacll 


When the applied voltage source changes to k+ 1 step from k step [49]: 


AUP = RegAIS? + AD 


(5.29) 


k+1) k) 
Ape dy RE 4 (oa AUS -c® AS ) 
+1) At® 


(k+1) — q 7(k+1) k- 
ATH Ala, + Yac lit +0 
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Here, we define [49]: 
ie 


(k) — C&)__DB 
=C ae 
aye) = ay t+ 4 Cue 

(k+1) ane 
ye) = Ic 
Cayce 

ve (5.30) 
aye) = 1 ` 
BB ` 1 

Rea arog 


(k+1) _ k+1) 
dy’ aye a AA 


ABC 
me 
k+1) _ dYgs k+1) 
co * = c 
dYiBc 


Submitting Eqs. (5.30) and (5.29) to eliminate variable Art » then 


AUD + Reg qe 


Auk) = ——— c (5.31) 
me TRAC” 
Eliminating AUS*”, then 
ATE = aya) — Ue) (5.32) 
Submitting to the third equation of Eq. (5.29), then 
AID = dy Aue) = ae) 4. Y cA UD 
= dy"), k- k+1) 
= dY e (AUS — USS”) (5.33) 
If the source is an AC or an impulse voltage source, Eq. (5.27) should be changed 
as [49] 
AIH) = 0 
AUD = ATAUS 
ane) =i ue) (5.34) 


N(m-1) 
Aly? = ay UeD — UY) (Gj =1,2,...,(6- 1) 


If the source is an AC or an impulse current source, then [49] 


AAI&+») = 0 
AUD = ATAUR 
Are) = ape) (5.35) 


(b) 
A = dyd ay — ue) G =p ee (b = 
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If we set the capacitance as 0, then Eqs. (5.27), (5.34), and (5.35) can be easily 
changed for the case of DC sources. 

From the above linear equations, the response of the original nonlinear equiv- 
alent circuit of the ZnO varistor can be quickly solved. In each time point tą, all 
branch currents J, branch voltages U, and node voltages Uy under applied DC, 
AC, and impulse sources become available. 


5.3.5 Model Verification 


The DC characteristics of some actual ZnO varistor samples were simulated and 
compared with the experimental results [49]. The simulated and measured results 
are both shown in Figure 5.12, in which the simulated waveform agrees with the 
measured one very well. 

The simulated and measured AC characteristics of ZnO varistor sample applied 
with different values of power source are shown in Figure 5.13 [19]. The model 
parameters were measured from the ZnO varistors under test. Both the simu- 
lated and the measured waveforms show similar shapes and variation when the 
applied voltage changes. When the applied voltage is low, the current passing 
through the ZnO varistor sample behaves as the standard sine wave but has a 
phase difference of 90° with the voltage wave, which proves that the current is 
mainly capacitive. When the applied source voltage increases to the breakdown 
voltage of ZnO varistor, a new peak appears in the current waveform, which is 
almost synchronous with the peak of voltage waveform. It means that the cur- 
rent peak is resistive. With the further increase in the applied source, the resistive 
current peak becomes larger than the capacitive current peak and then increases 
rapidly. Such phenomenon results from the nonlinear change of grain boundary 
resistance and capacitance under different applied voltages. When the applied 
voltage is low, the grain boundary resistance is much higher than the capacitance; 
thus, the current is mainly capacitive. When the applied voltage is higher than the 
breakdown voltage of grain boundaries, the resistance becomes quite small; thus, 
the current is mainly resistive. 

The impulse characteristics of ZnO varistor samples were also measured, and 
the simulated results agree well with the measured ones, as shown in Figure 5.14. 


Figure 5.12 The simulated and 5 
measured DC characteristics of 


the ZnO varistor sample [49]. a. = eee 
| —ê— Measure: 


log E (V mm") 


log J (A cm~?) 
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Figure 5.13 The comparison between the simulation results and the experimental results. The 
solid line is the experimental results; the dash line was the simulation results. The applied AC 
peak voltage: (a) 38.5 V; (b) 204 V; (c) 216 V; (d) 240 V. Source: Long et al. 2010 [19]. Reproduced 
with permission of John Wiley & Sons. 
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Figure 5.14 The measured and simulated impulse characteristics of ZnO varistor samples [49]. 
The solid lines are experimental results, and the dot lines are simulation results. 


From the model verification, the numerical analysis has the ability to well 
simulate the DC, AC, and impulse characteristics of ZnO varistors, which makes 
it possible to simulate the complicated operation process of ZnO varistors to 
evaluate their long-term operation properties and predict their life spans. 


5.4 Simulation Model for Thermal Characteristics 


If the current distribution on the microstructure of ZnO varistors is obtained, 
then the simulations can be extended to include other dependencies, such as the 
temperature dependences of the leakage current and grain conductance, and for 
the computation of other electrical characteristics, such as capacitive currents. 


5.4 Simulation Model for Thermal Characteristics 


It is also possible to incorporate the eftects of Joule heating and so that the local 
current density, local temperature, and local thermal stress can be coupled [12]. 
With the ever-growing capabilities of computer work stations and parallel com- 
putation, the scope and sophistication of these electrical network-based simula- 
tions will undoubtedly bring even greater insights into the behavior of varistors 
and other electrical ceramics [1]. 


5.4.1 Thermal Conduction Analysis 


The heat transfer inside the ZnO varistor is considered when it is injected with 
a surge current, typically a square wave current. The finite-difference method is 
used to calculate the temperature and thermal stress distributions inside ZnO 
varistors [18]. Eda analyzed the temperature distribution and thermally induced 
stress of a ZnO varistor when a current source is injected into it. The thermal 
transfer equation for a disk whose diameter is D in the radial direction r is 
expressed by [50] 
eT , kor oT 

ke Ge FOF + Q(r) = Cyr 
where T is the temperature, t is the time, and Q(r) is the heat source, which is 
the overvoltage energy when an impulse voltage is applied to a varistor; k is the 
thermal conductivity; C, is the specific heat constant; and is the mass den- 
sity of the ZnO varistor. The suggested values of thermal conductivity k, specific 
heat constant C,, and specific gravity p of the ZnO varistor are 5.73 W m7! °C", 
498 J kg~!°C-! (at 20°C), and 5600 kg m3, respectively, and the linear thermal 
expansion coefficient a is selected as 4.86 x 1076 °C"! [51]. 

The heat conduction between the side surface IF and the surroundings con- 
sists of natural convection and radiation thermal transfers. The heat conduc- 
tion between the side surface of the ZnO varistor and the surroundings can be 
described as [51] 


(5.36) 


oT 
AF |. Os Br (5.37) 
where T, is the temperature of the surrounding, T, is the side surface tempera- 
ture of the varistor, and £ is the surface thermal transfer coefticient: 
é=y+n (5.38) 


where y is the surface natural convection thermal transfer coefticient. The radia- 
tion thermal transfer equation of the side surface is [52] 


q = føS[(273 + T,)* — (273 + T,)*] (5.39) 


q=nS(T, — T,) (5.40) 
The radiation thermal transfer coefficienty can be calculated by 
n = fo(546 + T, + T,)[(273 + T)? + (273 + T,)7] (5.41) 


where f is the emissivity between the side surface and the surroundings and o is 
the Stefan—Boltzmann constant, o = 5.67 x 1078 W m~? K+. 
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The surface natural convection thermal transfer coefficient y can be calculated 
by 


apk 
y=N, 7 (5.42) 
where h is the varistor height, and 
N, =c(G,P,)" (5.43) 
T= PE 
g, = A- - a) (5.44) 
v 
P, =* (5.45) 
¢ 


where g is the gravitational acceleration, v is the motion viscosity, ¢ is the thermal 
diffusion coefficient, and £ is the volume expansion coefticient. The medium of 
the surroundings is air. The following formula is used to calculate £: 
m. _. 
273 + T, 


where c and n are constants related to the value of G,P, [52]: 


c= 0.59, n= 1/4, for 10* < GP, < 10%; 
c=0.10, n= 1/3, for 10° < GP, < 10%. 


p= (5.46) 


Therefore, the surface thermal transfer coefficient € is a function of varistor 
surface temperature T, which is not a fixed constant. Eq. (5.36) can be solved 
numerically by converting it to a set of difference equations [18]. 

For the network model shown in Figure 5.9, every polygon in Voronoi net- 
work is divided into several triangle elements, as the imaginary lines shown 
in Figure 5.15 [9], according to the number of the edges of each polygon. 
Every element is uniquely determined by a polygon edge and the center of the 
polygon. Therefore, for every element, there are three other triangle elements 
adjacent to it. 

After the node voltages are solved by the iterative method introduced in 
Section 5.3.5, the current, which passes through the grain boundaries, can be 
calculated. It is supposed that the average temperature of the element i is T;, and 


Figure 5.15 The basic structure of 
heat transfer model. Source: 
Modified from [9]. 
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its original value is the room temperature. The heat (dQ,) transferring into the 
element i during the time duration dt is determined by 


Lh 
dQ, = dit = a, dt, (5.47) 


where T; is the temperature of the adjacent element, l; is the length of the com- 
mon edge of two adjacent elements, d;, is the distance between the centers of the 
two adjacent elements, and ky is the thermal conductivity of the ZnO varistor: 
kr =5.7W mc, 

Out of three edges of the triangle, only one belongs to the polygon, i.e. a grain 
boundary. Therefore, there is Joule heat power consumption on this edge when a 
current passes through it, and the Joule heat P; at the grain boundary /, can be 
calculated according to the current J; through this grain boundary [9]: 


P; = sly Uy Jz (5.48) 
Then, the temperature rise (d7;) of the element i can be calculated as [9] 
P; dt + dQ; 
dT; = “SG, (5.49) 


where S; is the area of the triangle element i, / is the thickness of the simu- 
lated ZnO varistor, p is the mass density of ZnO varistor, p = 5.6 g cm~, and C, 
is the thermal capacity of the ZnO varistor, Cp =0.498(1 + 0.000 828(T,,, — 20)) 
Jg*°C™ [53]. 

Using this heat transfer model, the temperature T; of the element ican be calcu- 
lated following the finite-difference method. If the temperatures of two adjacent 
triangles are T; and T;, respectively, the thermal stress f; between them would 
be [54] 

Ya(T; - T) 

a 

where Y is Young’s module of elasticity, a is the linear expansion coefficient, and 

wis the Poisson ratio. The selected parameters are a = 4.86 x 1076 °C", u = 0.30, 
and Y = 6.9 x 10* MPa [55]. 


(5.50) 


5.4.2 Pulse-Induced Fracture Analysis 


The pulse-induced fracture, which may occur during standardized screening test- 
ing of varistors with high-current pulses of very short duration (of some mil- 
liseconds), was simulated by Lengauer et al. [56]. This loading situation has been 
discussed in detail by Vojta and Clarke [57]. Using an analytical one-dimensional 
model, they analyzed stress waves generated by inertial forces that appear on 
rapid Joule heating. These stresses strongly depend on the duration of the pulse. 
Ina 1D model, the only design parameter is the length of the varistor. It was con- 
cluded that the stress amplitude increases by increasing the length. The analysis 
can be extended to a full three-dimensional simulation using the finite-element 
method (FEM). This makes it possible to consider the reflections of stress waves 
not only from the bases of the cylinder but also from its shell. 


173 


174 


5 Simulation on Varistor Ceramics 


5.5 Simulations on Different Phenomena 


The simulation analysis on the actual microstructure and electrical character- 
istics of ZnO varistors can effectively analyze the influences of different factors, 
such as grain size, barrier voltage, and nonlinear coefticient of single grain bound- 
ary, on the global electrical characteristics. This is very helpful to design a ZnO 
varistor with better J-V characteristics and explain those phenomena in actual 
application. 


5.5.1 Simulation on Microstructural Nonuniformity 


The overall properties of the varistor are the collective response of all the grain 
boundaries and depend not only on the boundaries themselves but also on the 
properties of the grains and their topological arrangement in three dimensions 
[58]. The influence of the geometry and topology of the granular microstructure, 
as well as the properties and the distribution of different types of microjunctions 
on the features of varistor bulks, is an important and interesting problem. 

The nonuniformity of the microstructure of ZnO varistors is measured by the 
average grain sizes and respective standard deviations. An adequate description 
of the behavior of varistors cannot be achieved by simply averaging the character- 
istics of individual grain boundaries. On the contrary, the breakdown voltage of a 
bulk varistor, for example, is determined by the tail of the grain size distribution 
[14, 20, 28]. 

The disorder degree is widely used to evaluate the uniformity in the microstruc- 
ture. As analyzed in [46], there is a trend that the peaked number becomes lower, 
and the distribution range becomes wider with the increase of disorder degree, 
seen in Figure 5.16. When the disorder degree is larger than 3, the distributions 
under different disorder degrees become irregular, but vary in a range. A chaotic 
phenomenon exists in the grain size distribution when the disorder degree is 
larger than 3 according to the description to chaos by Gleick [59] and Lorenz [60]. 
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5.5 Simulations on Different Phenomena 


The nonuniformity of electrical characteristics of ZnO varistors exits in the 
same varistor or different varistors. The influences of the nonuniformity of 
microstructure and grain boundary in the same varistor on the global electrical 
characteristics can be simulated by changing the disorder degree and setting 
different kinds of barriers [61]. If all grain boundaries are the same inside a ZnO 
varistor, then when a voltage is applied on the ZnO varistor, the current always 
look for the path with a minimum number of grain boundaries to pass through 
the ZnO varistor; the path with a minimum number of grain boundaries will 
determine the breakdown voltage and the global J-V characteristics of the ZnO 
varistor. The minimum number of grain boundaries among all the paths between 
the two electrodes under different disorder degrees is shown in Figure 5.17 [46], 
which remains the same when the disorder degree is less than 0.18, and then 
decreases with the increase of the disorder degree in the region 0.18 < d < 3.0 
but becomes irregular when the disorder degree d>3.0. The minimum grain 
boundary number has a chaotic state, which changes irregularly in the range 
between 14 and 18 in the case shown in Figure 5.17. The chaotic state of the 
minimum grain boundary number among all paths between the two electrodes 
leads to the nonuniformity of breakdown voltages among different ZnO varis- 
tors. The chaotic phenomenon states the nonuniformity of microstructures of 
ZnO varistors is an original property, which leads to the intrinsic property of 
nonuniformity of electrical characteristics of ZnO varistors. 


5.5.2 Simulation on Current Localization Phenomenon 


An early attempt to quantify the statistics of the conducting paths through 
the microstructure was made by Emtage [58]. Although Emtage’s statistical 
model included several assumptions necessary to make the analysis tractable, 
it did predict that the switch voltage would be lower than that of the individual 
grain boundaries as has been indeed found experimentally [1]. A number of 
these simulations were done to quantify the effects of disorder on the J-E 
characteristics as well as on current localization as a function of applied electric 
field [5, 11-15]. These and other simulations reveal that the disorder in the 
form of distributions in the grain size, grain boundary area, or barrier height 
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Figure 5.18 Simulated current distributions of ZnO varistors. Both the barrier voltage and the 
nonlinear coefficient of grain boundaries satisfy the normal distribution: E(V,) = 3.2 and 

ô(Vg) = 0.2, E(a) = 7, and 5(a) = 50. (a) E = 400 Vcm", (b) E = 1000 V.cm™", (c) E = 1600 V cm™', 
(d) E = 1900 V cm", (e) E = 2500 V cm™', (f) E = 3100 V cm™!. 


decreases the attainable nonlinearity, causes a rounding of the J-E characteristic 
in the vicinity of the switch turn-on, and decrease the switch voltage itself [1]. 

As an example, the current distribution in the ZnO varistor, as shown in 
Figure 5.18, is simulated on a two-dimensional Voronoi network model consist- 
ing of about 900(30 x 30) polygons; within each polygon cell (grain), the relative 
value of the current flowing through it is plotted, normalized by the maximum 
among them, and the gray-level spectrum from white to black to represents the 
values. If there is no (or nearly no) current through the cells, they are shown as 
white, whereas the maximum current is shown as black. 

As the ZnO varistor is composed by a lot of little voltage-sensitive nonlinear 
resistor elements, the current distribution is closely related to the applied voltage 
gradient; this can be concluded from Figure 5.18 that, with the increase in volt- 
age gradient, the current distribution becomes concentrated at first, and then 
uniform again. The most serious condition occurs in the breakdown region, as 
shown in Figure 5.18c, there is a path with black color, which carries most of 
the current passing through the whole varistor bulk. In Figure 5.18c, the voltage 
gradient E is 2.1 kV cm7}, and the current passing through the path with black 
color reaches 91.2% of the total current. As discussed in Section 5.2.1, the I-V 
characteristics of single grain boundaries in a varistor change with the applied 
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voltages; this means that the individual boundaries adjust their conductances in 
response to the applied voltages, which leads to the changes in the current dis- 
tribution in all grain boundaries in response to the change in the applied voltage. 
This is particularly pronounced in the nonlinear regime [1]. 

Observing the current distributions in Figure 5.18, the current localization 
paths are typically only one or two grains wide, and the current localization 
can begin at one electrode and then propagate through to the other elec- 
trode. In addition, several localization paths can coexist concurrently within 
the microstructure. Finally, one of the interesting insights gained from the 
simulations is that a certain disorder degree may be beneficial [1]. 

The distribution of current density is also related to the uniformities of grain 
size and electrical characteristics of grain boundaries in the ZnO varistor. 
Because the more inhomogeneous these parameters are, the more likely there 
exist paths by which the current will pass through more easily in the ZnO 
varistor ceramics. In the following, the parameter of inhomogeneous degree of 
current J,,,.,/J4y, Which is defined as the ratio of the maximum current among all 
of the paths to the average current flowing through the model, is used to express 
the degree of current concentration. Figure 5.19 shows the relationship between 
the Jinax/Jay and the applied voltage gradient E on the ZnO varistor bulk. Both 
the barrier voltage and the nonlinear coefticient of grain boundaries satisfy the 
normal distribution. 

There are two peaks on the curves with respect to small disorder d. The first 
peak appearing in the prebreakdown region is mainly caused by the nonunifor- 
mity of the electrical characteristics of single grain junctions, whereas the other 
peak appearing in the breakdown region is mainly induced by the nonunifor- 
mity of the grain size. The current concentration phenomenon in the prebreak- 
down region will not reduce the energy absorption capability of the ZnO varistors 
because the current density is very small in this region. When d > 3, there is only 
one peak appearing in the breakdown region. In the breakdown region, the peak 
values of the ratios in four curves in Figure 5.19 are 9, 18, 22, and 25 when the 
disorder d is 0, 1, 3, and 5, respectively, which are much higher than 2 measured 
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Figure 5.20 Current localization revealed in simulations at the three voltages indicated on the 
l-V characteristic curves. The gray scale is logarithmic, spanning nine orders of magnitude in 
current, white means high and black means low. Source: Clarke 1999 [1]. Reproduced with 
permission of John Wiley & Sons. 


by Mizukoshi et al. [62]. Figure 5.19 shows that the worse the uniformity of grain 
size is, the more serious the current localization phenomenon is. 

Another case shows the spatial variation in current density through a 
microstructure at three different values of the applied voltage, as illustrated 
in Figure 5.20 [1]; the overall J-V curve computed for the network and the 
variation in nonlinearity with an applied voltage were also shown. The three 
images of the current density are respective to low (just below the switch 
voltage), medium (corresponding to the largest nonlinearity), and high voltage 
(in the high-field ohmic region). Although some localization occurs within the 
ohmic region below the switch voltage, the localization is the severest within 
the nonlinear region. In the particular case shown in Figure 5.20, it reaches 
the maximum at the same voltage as the peak nonlinearity occurs. The current 
distributions in the three images in Figure 5.20, provide very similar results 
shown in Figure 5.18a, c, and f. Although these kinds of simple comparisons of 
images of the spatial distribution of currents are instructive, they are ill suited for 
detailed, quantitative comparison with other computed current distributions [1]. 

The microstructurally inhomogeneous current distribution of ZnO varistors 
has been certified by a wide variety of circumstantial experimental evidences. 
The evidence ranges from maps revealing spatial variations of the surface poten- 
tial to localized hot spots on the electrode surface, and the most direct evidence 
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for current localization comes from thermal imaging of the surface of a varis- 
tor under electrical load. The paths of large current are visualized by the local 
increment in temperature caused by Joule heating [1]. 

Three barrier types have been confirmed by the measurements on individual 
grain boundaries in Chapter 4. By varying the concentrations of good, bad, 
and ohmic barriers, simulated J-V characteristics are made to reproduce 
the variations in the breakdown field, nonlinearity, and shapes of switching 
characteristics that are found in real varistors. From these results, it is inferred 
that the concentrations rather than the electrical characteristics of individual 
barriers are changed by variations in composition and ceramic processing. 
The change in the current flow from one barrier type to another significantly 
influences the global electrical characteristic. The reduction of the nonlinear 
coefticient of bulk varistors, relative to that of isolated grain boundaries, can 
be explained only by the presence of bad barriers. Moreover, the reduction is 
significant only if the concentration of bad microjunctions is high. The typical 
rounded switching characteristic of multiphase varistors is a consequence of the 
presence of different kinds of grain boundary barriers. Varistors exhibiting sharp 
switching characteristics contain fewer phases in their microstructure and have 
almost all good barriers. 

The statistical dispersion of the grain sizes has a little effect on the Z-V 
characteristic. This surprising result deserves a particular emphasis. It is the 
homogeneity of the barriers, rather than the uniformity of the grain sizes and 
shapes, that is important for superior varistor properties. 

At this stage in the development of the varistor theory, no simple rules can be 
stated, but, nevertheless, the general concept may be useful in the design of varis- 
tors with improved energy absorption capability [1]. This will be further discussed 
in Chapter 7. 


5.5.3 Influence of Microstructural Parameters on Bulk Characteristics 


The influence of different microstructural parameters on the macroscopic 
characteristics of varistor bulks has been analyzed by Long [49], and the param- 
eters of ZnO varistor bulks include the voltage gradient £, nonlinear coefficient 
a, leakage current J}, and residual voltage ratio. The leakage current J, is defined 
as the current density under 0.75E, ma- The residual voltage ratio, which is 
the ratio between the residual voltage gradient under a high current E„ pa and 
1mA reference voltage gradient E; ma» is related to the varistor size and the 
rated voltage of the power system, so the residual voltage ratio under different 
current densities is calculated: K ņa is the residual voltage ratio respective to 
the residual voltage under 20 kA standard impulse current, for ZnO varistors 
with a diameter of 10 cm and four columns in parallel used in 1000 kV AC UHV 
surge arrester; Ko ņa is respective to the residual voltage under 10 kA standard 
impulse current, for ZnO varistors with a diameter of 6cm used in 110kV AC 
surge arrester; and K; ņą is respective to the residual voltage under 5 kA standard 
impulse current, for ZnO varistors with a diameter of 3.2 cm used in 10 kV AC 
distribution system. 
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5.5.3.1 Influence of ZnO Grain Parameters 

The influence of ZnO grain resistivity p on the electrical characteristics of ZnO 
varistor is shown in Table 5.1. Figure 5.21 shows the respective I-V character- 
istics of the ZnO varistor. The resistivity of grains has a weak influence on the 
voltage gradient, leakage current, and nonlinear coefficient but has serious influ- 
ence on the residual voltage ratio. As the grain resistivity increases, the residual 
voltage ratio obviously decreases. Observing Figure 5.21, the grain resistivity only 
affects the property in the high-current region, which seriously decreases the 
residual voltage under high current. Therefore, in order to decrease the residual 
voltage ratio, the grain resistivity should be decreased. 

As the donor density of the ZnO grain N4 increases, the voltage gradient and 
the nonlinear coefficient decrease, and the leakage current increases (shown in 
Table 5.2 and Figure 5.22), which means the electrical characteristics of ZnO 
varistors become bad. The influence of the donor density of the ZnO grain on the 
residual voltage ratio is by means of increasing the 1 mA reference voltage. There- 
fore, the increase in the donor density of the ZnO grains should be controlled to 
decrease the residual voltage ratio. 

As shown in Table 5.3 and Figure 5.23, when the grain size D increases, the 
voltage gradient obviously decreases, but the residual voltage ratio gradually 
increases. The grain size has a very weak influence on the nonlinear coefficient 
and leakage current of the ZnO varistors. 


Table 5.1 Influence of grain resistivity on the electrical characteristics of the ZnO varistor. 


pm  £,,,(Vmm"")_ a JAcm) Kow Kom K 

107 239.93 32.06 0.33 1.46 1.60 1.68 
1071 236.84 32.15 0.33 1.55 1.80 1.99 
10° 238.53 3214 0.33 1.85 2.50 3.11 
10! 237.96 31.88 0.33 2.99 6.27 10.56 


10? 239.32 30.12 0.35 10.66 40.43 81.91 


Figure 5.21 Influence of 
grain resistivity in Q m on 
the /-V characteristics of the 
ZnO varistor. 
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Table 5.2 The influence of the donor density of the ZnO grain on the electrical parameters of 


ZnO varistors. 


Na (0103 m3) Ema VMM) æ 

1.0 617.09 59.45 
L5 364.07 42.12 
2.0 238.53 32.14 
2.5 169.43 24.95 
3.0 120.32 19.66 


J, (HA cm~?) Koka Kroka K5 ka 
0.35 1.50 1.86 2.18 
0.26 1.66 2.14 2.58 
0.33 1.85 2.50 Sul 
1.16 2.03 2.85 3.64 
4.59 2.30 3.36 4.42 
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Figure 5.22 The influence of the donor density in 10? m~? of the ZnO grain on the /-V 


characteristics of ZnO varistors. 


Table 5.3 Influence of the grain size on the electrical characteristics of ZnO 


varistors. 
Dium) Ema (VMM) æ DiR Eaa Kom Gu 
604.46 31.78 037 1.67 2.08 2.42 
T 338.29 32.10 0.33 1.79 2.33 2.81 
10 238.53 32.14 0.33 1.85 2.50 3.11 
13 181.75 32.13 0.32 1.93 2.69 3.43 
16 149.96 32.11 0.34 1.94 207 3.60 


The influence of the nonuniformity of grains, Og, is shown in Table 5.4 and 
Figure 5.24. The nonuniformity of grains is adjusted in the Voronoi network 
by changing the disorder degree d of the grains. There is an identical relation- 
ship between the nonuniformity and the disorder degree; when the disorder 
degree exceeds 10, the nonuniformity of grains reaches about 0.54 and remains 
unchanged. As the nonuniformity of the grains increases, the voltage gradient 
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Figure 5.23 Influence of the grain size in pm on the /-V characteristics of ZnO varistors. 


Table 5.4 Influence of the nonuniformity of grains on the electrical characteristics of 


ZnO varistors, 
d CA Ema (VMM) A Jma koar bor Ki 
0 0 297.41 30.33 0.47 1.55 2.00 2.49 
05 0.2 287.75 32.05 0.40 1.63 2.11 2.59 
1 0.34 258.36 3212 035 1.78 2.36 2.91 
3 0.47 238.53 32.14 0.33 1.85 2.50 3.11 
5 0.52 233.32 32.14 0.32 1.87 2.54 3.17 
7 0.53 232.83 32.14 0.32 1.87 2.53 3.19 
9 0.54 222.81 32.16 0.30 1.93 2.63 3.28 
15 0.54 223.09 32.15 0.30 1.95 2.65 3.31 
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Figure 5.24 Influence of nonuniformity of grains (represented by the disorder degree d) on 
the /-V characteristics of ZnO varistors. 
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and the leakage current decrease, but the nonlinear coefticient increases weakly. 
On the other hand, reducing the ratio of spinels and pores inside the varistor 
bulk would also decrease the residual voltage ratio slightly. 


5.5.3.2 Influence of Grain Boundary Parameters 

The direct contact region C as shown in Figure 5.5 has no intergranular layer at 
all, where two adjacent ZnO grains contact with each other directly. The direct 
contact region ratio Pç has serious influence on the voltage gradient, leakage 
current, nonlinear coefficient, and residual voltage ratio (shown in Table 5.5 and 
Figure 5.25). As its ratio reaches 10-°, the nonlinearity of ZnO varistor becomes 
very weak. 

The influence of the intergranular layer region A, which is rich in Bi,O, and 
occupies the ZnO grain corners with large thickness and high resistivity, on the 
electrical characteristics of the ZnO varistor is small (shown in Table 5.6 and 
Figure 5.26) but has a high influence on the residual voltage ratios K,),, and 
Koka: In addition, the resistivity of the intergranular layer region A has a strong 
influence on the electrical characteristics of the ZnO varistors (shown in Table 5.7 
and Figure 5.27), as its resistivity decreases, the residual voltage ratio obviously 
increases, and the ZnO varistor would lose the nonlinearity. 


Table 5.5 Influence of the intergranular layer region ratio on the electrical 
characteristics of ZnO varistors. 


Pe Ema (VMM) a HUAN koa Kow ia 
0 238.53 32.14 0.33 185 250 3.11 
108 238.13 29.20 13.05 185 250 3.11 
107 234.92 6.98 110.16 188 253 3.14 


10-6 174.83 1.05 679.55 251 3.39 4.22 


E (V mm") 


10+ l l 
10° 108 103 10° 108 


J (A cm~?) 


Figure 5.25 Influence of the direct contact region ratio on the /-V characteristics of ZnO 
varistors. 
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Table 5.6 Influence of the intergranular layer region ratio on the electrical 
characteristics of ZnO varistors. 


Pa Ema (VMM) a JACM) Koka Kioa  Kska 

0 236.44 32.11 0.27 1.82 2.42 2.98 

0.2 238.53 32.14 0.33 1.85 2.50 3.11 

0.4 236.83 3213 0.35 1.93 2.65 337 

0.6 241.82 32.05 0.43 1.98 2.85 3.73 
10° T T T 


E (V mm™’) 


10 106 1071 10° 
J (A cm~?) 


Figure 5.26 Influence of the intergranular layer region ratio on the I-V characteristics of ZnO 
varistors. 


Table 5.7 Influence of the resistivity of intergranular layer on the electrical 
characteristics of ZnO varistors. 


p,Qm) Ema VMM) a mika Koan Kino Kota 
108 163.46 1.05 691.50 267 361 4.49 
10 235.50 29.57 13.64 186 251 3.13 
10" 238.53 32.14 0.33 185 250 311 
10" 234.84 32.16 0.16 184 251 3.12 


The influence of the surface-state density of the grain boundary N; is shown 
in Table 5.8 and Figure 5.28. As the surface-state density increases, the voltage 
gradient and the nonlinear coefficient increase, but the leakage current and the 
residual voltage ratio decrease, as its influence on the residual voltage ratio is by 
means of increasing the 1 mA reference voltage. 
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Figure 5.27 Influence of the resistivity of the intergranular layer region in Q m on the /-V 
characteristics of ZnO varistors. 


Table 5.8 Influence of the surface-state density of grain boundary on the electrical 
characteristics of ZnO varistors. 


N, (106m?) Ema (VMM?) a junia Kow Kom Ka 
2.5 69.74 12.28 33.17 2.89 451 6.23 
3 143.59 2249 215 2.16 308 399 
3.5 238.53 32.14 0.33 1.85 250 311 
4 350.21 41.51 0.26 1.70 220 265 
4.5 480.51 50.81 0.29 1.58 199 236 
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Figure 5.28 Influence of the surface-state density of the grain boundary in 10'é m-? on the 
l-V characteristics of ZnO varistors. 
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Table 5.9 Influence of the barrier height and the deletion layer width on the electrical 
characteristics of ZnO varistors. 


L(um)  ġ, (eV) Eyma(¥Vmm-') ZA Kow Kom Koa 
0.198 0.83147 617.09 59.45 0.35 1.50 1.86 2.18 
0.181 0.8267 480.51 50.81 0.29 1.58 1.99 2.36 
0.163 0.82056 364.07 42.12 0.26 1.66 2.14 2.58 
0.161 0.81992 350.21 41.51 0.26 1.70 2.20 2.65 
0.142 0.81049 238.53 32.14 0.33 1.85 2.50 3.11 
0.128 0.80017 169.43 24.95 1.16 2.03 2.85 3.64 
0.122 0.79523 143.59 22.49 2:15 2.16 3.08 3.99 
0.117 0.78853 120.32 19.66 4.59 2.30 3.36 4.42 
0.105 0.75637 69.74 12.28 33.17 2.89 4.51 6.23 


The barrier height and the depletion layer width under zero bias can be 
calculated by 


Sh. (5.51) 
= 8E,EoNa , 
2PpErEo 
L = 1| —— 5.52 
a (5.52) 


where g, is the barrier height, Nj. is the surface-state density under zero bias, 
L is the width of the depletion layer, and £, and €, are the relative dielectric con- 
stant and dielectric constant of vacuum, respectively. The voltage gradient and 
the nonlinear coefficient increase as the barrier height and the depletion layer 
width increase (shown in Table 5.9), while the leakage current and the residual 
voltage ratio increase. 


5.5.4 Influential Factors on Residual Voltage Ratio 


Except the nonlinear coefficient, the residual voltage ratio, which is another index 
to present the protection eftect of ZnO varistors, is a very important parameter of 
surge arresters with ZnO varistors as the core elements. According to the analysis 
above, the influence of various microstructural parameters of ZnO varistors on 
the macroscopic electrical characteristics is summarized in Table 5.10. The main 
measures to reduce the residual voltage ratio include decreasing the density of 
donors, grain size, and resistivity of the ZnO grains, increasing the surface-state 
density of grain boundary and the resistance of intergranular layer, improving the 
nonuniformity of the grain size, and reducing the ratio of direct contact region. 
Only decreasing the grain resistivity could decrease the residual voltage ratio of 
the ZnO varistor by means of decreasing the residual voltage gradient, whereas 
all other measures would decrease the residual ratio by means of increasing the 
reference voltage gradient. 
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Table 5.10 The influence of microstructural parameters of ZnO varistors on their macroscopic 
electrical characteristics. 


Influential factors Macroscopic electrical parameters 
Affected parameter 
Ema h Gna # of residual 
f 4 t 4 voltage ratio 


Donor density, N 
Surface-state density, N; VV VV VV VV Eia 
Grain size, D = 

Grain resistivity, Pg 


4 
t 
4 
J 
Nonuniformity of grains, GA 4 y = = vv E, ma 
g 
g 
4 
t 


Pore ratio, Ppore 


Spinel ratio, Ppore 
Intergranular layer ratio, P4 = VVV V - = 
Intergranular layer impedance, Z, VV WW W Vv Bic 


Direct contact region ratio, Po 1 VV VVV W vV A 


Note: f, increase; |, decrease; y, favorable influence; yy, obvious influence; yyy, serious 
influence; —, no influence; K, the residual voltage ratio; E, ,,,, 1 mA reference voltage gradient; 
E,, xa» residual voltage gradient. 


In all the measures, although decreasing the density of donors and increas- 
ing the density of surface states would obviously decrease the residual voltage 
ratio, but in the meantime, other electrical parameters of ZnO varistors would 
become bad, whereas the measures to increase the impedance of the intergranu- 
lar layer and decrease the direct contact region ratio are difficultly controlled in 
the sintering process. Only the measure to decrease the resistivity of grains would 
decrease the residual voltage ratio but have no influence on other electrical char- 
acteristics of ZnO varistors, whereas in the meantime, the resistivity of the grains 
can be effectively controlled by doping donor-type additives. On the other hand, 
decreasing the grain size and the nonuniformity of grains would also have some 
effects to decrease the residual voltage ratio, and reducing the grain size would 
decrease the nonuniformity of grains. In addition, increasing the grain size would 
only decrease the residual voltage ratio, which would not influence other elec- 
trical characteristics of ZnO varistor bulks. Therefore, the optimal measure to 
decrease the residual voltage ratio is to decrease the resistivity and the size of 
ZnO grains. 

According to the analysis, an Al ionic additive was doped to ZnO varistors; with 
an increase in the content of the Al ionic additive, the conductivity of ZnO grains 
increases significantly and the residual voltage ratio decreases correspondingly. 
The maximum eftect of the Al additive on the grains’ conductivity was observed 
when 0.25% Al ionic additive was added [63]. In order to further decrease the 
leakage currents of the Al-doped ZnO varistors, cobalt is added [64]; the leakage 
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currents are inhibited, and the nonlinear coefficients increase remarkably as well. 
The barrier heights and the donor densities of the varistor samples decrease as 
the cobalt content increases. This shows that the simulation has well directed the 
sintering of the ZnO varistor. 
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Breakdown Mechanism and Energy Absorption Capability 
of ZnO Varistor 


Energy absorption capability, which is also called as energy handling capability 
and is the second most important property of ZnO varistors next to nonlinearity, 
has a direct relation to failure modes. Failure modes include electrical puncture, 
physical cracking, and thermal runaway, which happen under different currents. 
This chapter discusses the mechanisms of different failure modes, including 
puncture, crack, and thermal runaway, and the energy absorption capabili- 
ties of ZnO varistors based on both experiments and simulations. How the 
applied current, the nonuniformity of microstructure, and the nonuniformity of 
microstructural electrical and thermophysical characteristics affect the energy 
absorption capabilities of ZnO varistors is discussed. The energy absorption 
capability of ZnO varistors can be notably improved by decreasing the mean 
value of grain size, besides improving the sintering techniques and adjusting the 
prescriptions. 


6.1 Introduction 


The primary functionality of ZnO varistors is to protect electrical devices and 
systems, by discharging transient surges and limiting overvoltages. The energy 
absorption capability is the second most important property of ZnO varistors 
next to nonlinearity [1]. The energy E absorbed by a ZnO varistor can be 
expressed as 


T 
z= [ vi dt (6.1) 
o 


where v is the voltage applied on the varistor, i is the current through it, and T 
is the duration that the current is applied. E is usually referred as the permitted 
energy absorbed per unit volume of a varistor, measured in J cm~3. 

ZnO varistors as the core elements of surge arresters in high-voltage systems or 
surge protection devices in low voltage systems are required to absorb substantial 
amounts of energies resulting from temporary overvoltages, switching surges, or 
discharges of lightning. Therefore, their energy absorption capability is crucial 
for the integrity of equipment and systems. However, it has been observed in 
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experiments that differences in barrier voltages, grain sizes, and grain boundary 
characteristics inside the same ZnO varistor and among different ZnO varis- 
tors cause nonuniformity in the microstructurally electrical and thermophysical 
characteristics of ZnO varistors, and finally result in differences in their current 
handling capabilities, which are also called as energy absorption capability, or 
energy handling capability. 

Measurements of and discussions on the energy absorption capabilities of ZnO 
varistors have been reported in the literature [2-9]. Generally, energy absorption 
capability is defined as the maximum amount of energy that a varistor disk can 
absorb before it fails. In other words, the permitted energy indicates the point at 
which varistor failure happens. The energy absorption capability of a ZnO varis- 
tor is limited by its failure modes. 

The breakdown of ZnO varistors is an original phenomenon during their appli- 
cation, which had been reported in many publications [3, 5, 10—13]. Every varistor 
has a different destruction phenomenon under impulse current and AC or DC 
current. Three failure modes have been identified [9]: electrical puncture, physi- 
cal cracking, and thermal runaway (or thermal breakdown). Thermal runaway is 
related to current and voltage instability due to the failure of heat balance between 
the power loss and the thermal dispersion capability ofa varistor [7, 14-16]. Ther- 
mal runaway happens when the average temperature of the disk exceeds the ther- 
mal stability temperature, which is usually selected as 180-190 °C. While physical 
cracking is due to huge thermal stresses, and electrical puncture is formed by the 
current concentration in a small region, which generates high temperatures and 
leads to the melting of the grain boundary to form a molten hole. Owing to ther- 
mal runaway the ZnO varistor fails with physical cracking or electrical puncture. 
When AC or DC voltage is applied on ZnO varistors, all these three failure modes 
happen, but if only impulse voltage or current is applied to a ZnO varistor, then 
only physical cracking or electrical puncture takes places. 

In this chapter, we aim to discuss the breakdown mechanisms and the energy 
absorption capabilities of ZnO varistors, based on both experiments and simula- 
tions reported in the literatures. 


6.2 Impulse Failure Modes of ZnO Varistors 


When different impulse currents are applied to ZnO varistors, the damage 
phenomena of varistors can be classified into four types based on experimental 
results from commercial ZnO varistors [11, 12], as shown in Figure 6.1: 


e Type a: the varistor is punctured, and a hole through the varistor can be found 
(Figure 6.1a). 

e Type b: there is a punctured hole, and the varistor is cracked with an arc-shaped 
destruction (Figure 6.1b). 

e Type c: there is an unpunctured hole, and the varistor is cracked with an arc 
shape (Figure 6.1c). 

e Type d: the varistor is cracked with an arc shape (Figure 6.1d). 


6.2 Impulse Failure Modes of ZnO Varistors 


(a) (b) (c) (d) 


Figure 6.1 Impulse destruction phenomena of ZnO varistors: (a) puncture; (b) arc-shaped 
cracking destruction with a punctured hole; (c) arc-shaped cracking destruction with an 
unpunctured hole; (d) arc-shaped cracking destruction. Source: Adapted from He et al. [12]. 


Table 6.1 The test results of impulse destruction phenomena of ZnO varistors. 


Duration of applied impulse square current 2ms 8ms 


ZnO varistors (diameter 52 mm, thickness 10 mm) 


Number of tested varistors 24 20 
Current density (A cm~?) 29.3 10.6 
Ratio of cracking destruction (%) 75 40 
Ratio of puncture destruction (%) 25 60 
ZnO varistors (diameter 32 mm, thickness 10 mm) 

Number of tested varistors 30 32 
Current density (A cm~?) 30.3 12.3 
Ratio of cracking destruction (%) 50 10 
Ratio of puncture destruction (%) 50 90 


Source: Adapted from He et al. [12]. 


These four different destruction types can be described by two principal types 
of failure as done by Eda [2]; one is a “puncture” mode, in which a hole literally 
forms through the varistor with distinct signs of melting and vaporization. This is 
attributed to thermal runaway. The other is a form of failure in which the varistor 
fractures into two or more pieces but with no obvious thermal damage or melting. 
There are punctured holes in types a and b, so types a and b are classified into 
puncture destruction; there are no punctured holes but cracking phenomena in 
types c and d, so types c and d are classified into cracking destruction. 

Two types of commercial disk-shaped varistors of different sizes were tested 
[11, 12] and listed in Table 6.1. Puncture destruction is dominant when low 
impulse currents are applied for long durations, while cracking destruction 
preponderates under high impulse currents with short duration. Pulsed currents 
having duration greater than 100 ps also cause destruction by the puncture 
mode; usually, DC and AC currents cause destruction by the puncture mode 
although the destruction caused by DC and AC currents can be explained by 
thermal runaway. On the other hand, impulse currents of duration less than 
50 us cause destruction by the cracking mode [2]. 

However, the experiment on commercial ZnO varistor disks of large sizes 
shows that cracking destruction also occurs under low impulse currents with 
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long duration, and puncture destruction also takes place under high impulse 
currents with short duration, although in both cases, the other failure mode still 
dominates. As shown in Table 6.1, the proportions of dominating failure modes 
are quite different between two types of varistors and when different currents 
are applied. Cracking destructions reach about 50% and 75% under a 2 ms square 
wave current, while puncture destructions are about 90% and 60% under an 8 ms 
square wave current [11]. 

Ringler et al. [5] also provided a significant body of data on the failure modes of 
varistors as a function of the applied current. Commercially available varistors of 
similar physical dimensions and voltage rating were procured from three different 
manufacturers. The varistors originated from a single batch and had a typical volt- 
age rating of 3 kV. Varistor heights ranged from 23 to 24 mm and diameters varied 
from 62 to 64mm. At the test currents with peak values of 7 and 70 A, varistor 
failure was typically due to a single hole through the bulk ceramic between the 
electrodes. Visual inspection determined that there were single holes, with diam- 
eters of up to 4mm, located typically at a radial distance of several millimeters 
from the circumferential edge of the specimen. No cracking or fragmentation 
failures were observed in any of these tests. The most significant external dam- 
age was found for the nominal currents at a peak value of 600 A. Frequently, a 
thin portion of the sidewall broke off the varistor. At the peak value of 35 kA and 
above, many pinholes were found on the electrodes, including the annulus. Varis- 
tor failure was apparently due to overheating and attendant electrical puncture 
or tracking at the sidewall. Very few of the varistors cracked on failure. 

In Eda’s experimental results [2], most ZnO varistors of small sizes ended 
up with puncture destruction, when low impulse currents were applied for 
long durations, and almost all failures were cracking mode under high impulse 
currents with short duration, but both failure modes occurred above a threshold 
energy, as illustrated in Figure 6.2. There appears to be no distinct transition 
between these two modes of failure. Therefore, at intermediate pulse lengths, 
the failure may exhibit characteristics of both thermal effects and fracture [17]. 
Many works have clarified the circumstances under which two types of failure 
can be expected to occur [16]. 
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6.3 Mechanisms of Puncture and Fracture Failures 


Figure 6.2 demonstrates a linear dependence over approximately five orders of 
magnitude; this was discussed in detail by Ringler et al. [5] The finding of linear 
dependence between the logarithm of the mean discharge current and the log- 
arithm of the mean time-to-failure could be useful for determining the energy 
absorption capability and safety margin in surge arrester applications. 

The destruction of ZnO varistor blocks caused by multiple impulse currents 
was tested [18]. An impulse current of 8/20 us was applied five times with a time 
interval of 35 ms, but an impulse current with small peak value, which is smaller 
than the rated current of ZnO varistor, still results in possible damage, while an 
impulse current with high peak value produces a high percentage of ZnO surge 
arrester damage. For the ZnO varistor blocks with rated impulse current of 5 kA, 
600 A, 1300 A, and 2500 A, impulse current caused the damage of 28.57%, 50%, 
and 100% samples. Most ZnO block failures are in the form of cracking, which is 
caused by thermal accumulation of multiple impulses. 


6.3 Mechanisms of Puncture and Fracture Failures 


6.3.1 Mechanisms of Puncture Failure 


The puncture and cracking failures of ZnO varistors are caused by the cur- 
rent concentration phenomenon, which is due to the nonuniformities of the 
microstructurally electrical characteristics and absorbed energies in different 
parts of the varistor. Injecting different currents would lead to different failure 
phenomenon. 

When a small current is applied to a ZnO varistor for a long duration, heat con- 
duction takes place between different portions of the varistor, and the surface of 
the varistor also transfers heat to the surroundings. Owing to current concentra- 
tion, the temperature of the region with more current will increase quickly. Since 
the grain boundary is dominated by Bi,O; whose melting temperature is around 
820°C, when the temperature exceeds the melting temperature of grain bound- 
ary, the grain boundaries are melted to form a punctured hole through the ZnO 
varistor. 

The Sandia report in 2011 documented an investigation of irreversible elec- 
trical breakdown in ZnO varistors due to short pulses of high electric field and 
current density [19]. A few of the varistors that had electrical breakdowns were 
observed to have holes generated on electrode surfaces of the ZnO varistor. When 
the crack is forced open, an obvious track is exposed along the crack surface as 
seen in Figure 6.3. Both the hole and the track are typically 20 um in diameter. 
The tracks are hollow, their surfaces are glassy, and occasionally they show a radial 
crystalline regrowth region. The hole and track structures in the varistors strongly 
indicate that a filament had formed with temperatures high enough to melt the 
ZnO locally. 

The thermograph method is usually applied to observe the temperature of Zn 
varistors [8, 20, 21]. Figure 6.4 shows two cases of the thermographs for (a) a 
typical case and (b) a case with poor temperature distribution [22]; the white 
line is an equi-temperature line and the white area, a high-temperature part. 
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Recrystallization 


Breakdown varistor 


Internal breakdown track 


Figure 6.3 Example of an internal track caused by high voltage breakdown and 
recrystallization inside a breakdown track. 
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Figure 6.4 Temperature distribution and current distribution on the upper surface of the ZnO 
varistor [8]. (a) The typical thermograph case; (b) the thermograph case with poor temperature 
distribution; (c) current distribution measured by dot electrodes method. This sample is the 
same as for (b). Source: Mizukoshi et al. 1983 [8]. Reproduced with permission of IEEE. 
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Figure 6.5 Scanning electron micrograph of 
the punctured hole of a ZnO varistor sample. 
Source: Vojta and Clarke 1997[22]. 
Reproduced with permission of AIP. 


Local temperature could be measured by a scale in the equipment. The 
temperature distribution was measured by an infrared radiation thermo-camera. 
The thermograph was obtained at a selected time after a suitable voltage had 
been applied to an element, e.g. 10 seconds. The current distribution corresponds 
to the temperature distribution, which is seen by the comparison of Figure 6.4b,c 
which are for the same sample. The current distribution was measured by the 
method of dot electrodes with diameter of 1 .5 mm, and the two patterns agreed 
well [8]; a small region with serious current location was observed. 

Figure 6.5 shows the scanning electron micrograph of a ZnO varistor sample 
failed in the puncture mode; the hole is clearly visible, which connects the elec- 
trodes on the top and bottom surface of the sample [22]; this scanning electron 
micrograph clearly indicates that melting occurs. 

There is a wide variety of circumstantial experimental evidence for nonuniform 
current distribution through a varistor. The nonuniformity of current distribution 
was measured when currents of different waveforms were applied to varistors by 
arranging dot electrodes on the top surface of varistor [5] and by infrared imaging 
system to measure the temperature distribution on the varistor surface [23], such 
as shown in Figure 6.6 [24]. The paths with high currents were visualized by the 
local temperature rise, which was caused by joule heating of the current. From 
the images, several important assumptions and conclusions were drawn: the joule 
heating is primarily dissipated at the grain boundaries; the current localization 
paths are typically only one or two grains wide; usually several current localiza- 
tion paths coexist concurrently within the microstructure; current localization 
runs through the whole varistor from one electrode to the other [17]. 

An obvious direct relationship between the regions where puncture destruc- 
tions were watched and the regions where there were spots with largest current 
values in the current distributions was observed. About 84% regions with the 
largest current distribution had punctured. The energy absorption capability was 
shown to be directly related to the uniformity of current distribution. When the 
current distribution is not uniform, then the energy absorption capability is small. 
It is not difficult to understand that the impulse destruction mechanism is related 
to the microstructural nonuniformity of ZnO varistor. 

For ZnO varistors working under continuous AC or DC voltage, the puncture 
mode of failure is commonly associated with thermal runaway, which occurs as 
a consequence of current localization in the microstructure. This phenomenon 
can be explained as a positive feedback mechanism in which current localization 
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Figure 6.6 Infrared image 
revealing regions of current 
localization caused by 
enhanced joule heating. The 
voltage was applied in the 
vertical direction from top to 
bottom in this image. Source: 
Wang et al. 1998 [24]. 
Reproduced with permission 
of John Wiley & Sons. 
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occurs along some paths through the microstructure with higher current density, 
leading to the enhanced local joule heating. Because the resistance of ZnO as 
a semiconductor decreases with the increment of temperature, the lowered 
resistance caused by local heating along the localization path favors further 
drawing of more current to this path [17]. This feedback continues until melting 
and electrical shorting occurs. This phenomenon can be easily understood as 
two resistances in parallel; when one resistance decreases and the other remains 
unchanged, the current through the resistance, which decreases due to the local 
heating eftect, will increase. 

A more detailed explanation for this positive feedback was presented by 
Bartkowiak et al. [4]. As the temperature of the localization path reaches the 
value at which the local current and voltage correspond to the “knee region” of 
the J—V characteristic, electrical behavior of the hot spot becomes particularly 
sensitive to the temperature. Other computer simulations also reveal that almost 
any microstructural variation in properties leads to current localization and that 
the localization becomes stronger in the nonlinear regime [22, 23, 25, 26]. The 
rising temperature causes an increase in the local current density, and additional 
local heating. This, in turn, leads to a further increase of the temperature at 
the hot spot and a still faster increase of the local current density. Owing to 
this positive feedback, the temperature and the current density become highly 
peaked. At the time of failure, the current density at the hot spot becomes almost 
100 times higher than that outside of the hot spot. Such feedback is the main 
mechanism of punctures for the average density of applied current lower than 
about 1 A cm”. It also causes a dip in the energy absorption capability curves 
for currents in this region. 

But if an impulse current or voltage is applied on a ZnO varistor, current 
localization is caused by the nonuniform property of the gain boundaries inside 
the ZnO varistor, such as the low barrier voltage of some paths; then, a large 
part of the impulse current will pass through these paths and generate high joule 
heat to increase the temperature of these paths. However, although localization 
is a necessary condition, puncture failure only happens if the local joule heating 
is not dissipated by conduction away from the localization path faster than it is 
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created; the continuous thermal accumulation will produce high temperature 
in these paths and melt them at last. Moreover, localization is a highly dynamic 
process, and, therefore, several different localization paths may exist through a 
varistor at different voltages, with only one leading to final failure and electrical 
breakdown [17]. 

Simulation suggests that microstructural defects intersecting the electrodes are 
particularly detrimental. Clarke thought that especially large grains in direct con- 
tact with the electrode act to draw current in from the whole electrode area rather 
than from just the neighboring grains; this makes the current localization more 
serious [17]. 


6.3.2 Mechanism of Fracture Failure 


When a high current, such as an impulse current with high magnitude, is applied 
to a ZnO varistor for a short duration, the impulse energy could be absorbed by 
different small units of the varistor; the generated heat causes the temperature to 
rise. Because the duration of applied impulse current is very short, the heat gen- 
erated in such a short time may not be transferred to other parts of the varistor, 
so the process could be treated as one of thermally insulated temperature rise. 
Temperatures of different small units increase quickly in a very short time, and 
the temperature gradient between two different units would generate thermal 
stress on the grain boundary between them. If the thermal stress between differ- 
ent portions inside the varistor exceeds the critic value, a cracking destruction 
happens. 

So cracking destruction is a process of thermally mechanical destruction. There 
are several reasons to cause a temperature gradient between two neighboring 
small units, including the nonuniformities of energy absorption and thermophys- 
ical parameters, which include thermal conductivity, specific heat constant, and 
specific gravity [11, 12]. 

When varistors are subject to very short electrical pulses, they will fragment, 
and their fracture surfaces exhibit well-defined fracture markings. The fracture 
morphology and the number of fracture pieces depend on the shape and aspect 
ratio of the varistor as well as on the pulse power and the mechanical constraints 
on the varistor. However, short (compared to their diameter) varistor disks typi- 
cally break with radial cracks, and tall varistor blocks tend to break across, or near, 
their center [27]. An example of the fracture surface of a varistor cracking across 
the center plane is shown in Figure 6.7, which is for a tall cylindrical varistor with 
a diameter of 42 mm when it was subject to a very short electrical pulse [27]. 

One approach to further understanding mechanical failure under such condi- 
tions is that the pulse length is so short that the varistor heats up much faster than 
it can expand isothermally [27]. As a result, its own inertia limits its expansion, 
and, therefore, an elastic compressional wave is generated within the varistor. On 
reflection from the ends, the elastic wave is tensile with a maximum value at the 
central plane of a tall cylindrical varistor [17]. The amplitude of the stress oscil- 
lation is shown to be proportional to the second derivative of temperature with 
respect to time which, in turn, is directly related to the rate of power increase. 


201 


202 


6 Breakdown Mechanism and Energy Absorption Capability of ZnO Varistor 


(a) (b) 


Figure 6.7 (a) Optical micrographs of an actual fracture surface of a varistor after failing under 
a high current pulse illustrating characteristic fracture markings. In this particular instance, 
concurrent fractures from two separate failure origins are seen. (b) An enlargement of the 
lower of the two fracture surfaces in (a). Source: Vojta and Clarke 1997 [27]. Reproduced with 
permission of John Wiley & Sons. 


An upper limit for the magnitude of the peak stress is derived in terms of material 
parameters, varistor geometry, and the maximum electrical power. 

An approximation based on the plain strain analysis [28] of the correspond- 
ing thermoelastic problem was used for the varistor disks [4]. This approach is 
well justified, because these disks typically have geometric aspect ratios higher 
than I. It is assumed that the disk can freely expand in the axial direction, i.e. 
that there is no traction at its end faces. In practice, varistors mounted on an 
arrester are under constant spring load to maintain good electrical contacts. This 
load, however, is very low compared to the stresses due to thermal expansion, 
and can be neglected. The thermal stresses caused by a nonuniform temperature 
distribution, T(r), can be expressed as [4] 


aY fi F + i 
so = 2 (ž f vrene-5 [ rroa) (62) 
aY (1 f if? 
sy) = -2 (> Í PT +4 f YT(r)dr — ro) (6.3) 
Sar) = S,(7) + Sol) (6.4) 


where, stresses in the radial, tangential, and axial directions are denoted by S,, 
Sg, and S,, respectively. Experimental data for the thermal expansion coefficient 
a [14] in unit of K`}, can be fitted by the functiona = b, + b,T + b; 1n T, where 
bj = —2.375 x 105, b, = —3.76 x 107°, b, = 5.11 x 1076, and where T is in degrees 
Kelvin. The Young’s modulus Y and the Poisson’s ratio v of the material were 
selected as 1.7 x 10” psi (=1.17 x 10° kPa) and 0.25, respectively [29]. 

Varistor disks in station-class surge arresters typically have an aspect ratio 
lower than 1; then the thermal stresses in the axial direction are negligible, and 
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the stresses in the radial and tangential directions can be determined within the 
plain-stress approximation [30]; the corresponding expressions have the same 
form as those in Eqs. (6.2) and (6.3), but with v set to zero. The material strength 
is a statistical quantity that may vary considerably for individual disks. The 
ultimate tensile strength of the varistor ceramic is assumed to be Sẹ = 20 kpsi, 
while the compressive strength of brittle materials is from three to eight times 
the tensile strength, and S = 70 kpsi was suggested as a representative value of 
the compressive strength of varistors [4]. 

Usually, fracture is assumed to occur if the local tensile stress exceeds the Grif- 
fith criterion for a crack-like flaw within the varistors [17]. A direct relationship 
between the size a of a flaw in the varistor, the varistor diameter d, the maximum 
pulse power P., and the varistor material properties naturally results in fracture 
when the following criterion is satisfied [17]: 


T 
P, > EK, Z4] 2S (6.5) 


ya aY 

where a denotes the thermal expansion coefficient, K, is the varistor fracture 
toughness, p its density, C, its specific heat, and F a geometric constant, 
F=32 V2/ x5, for a cylindrical sample with interior crack. Figure 6.8 visualizes 
this relationship [27]. As with other fracture problems, a statistical distribution 
in failures results from the flaw size as well as flaw location. Because the 
maximum of the tensile stress is at the center, fracture is also mostly likely to 
occur at the central plane, as is usually observed. Similarly, if the tensile stress is 
sufticiently large, all flaws above the critical size can propagate simultaneously, 
and, therefore, more than one failure origin can be activated [17]. 
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Figure 6.8 Power density vs critical flaw size. The line divides the region where the power is 
sufficient to activate unstable crack growth from a defect of a given size from the region in 
which the power is insufficient for unstable crack growth. Source: Adapted from Ahmed 

et al. [23]. 
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6.4 Simulation of Puncture and Fracture Failures 


As with the mechanical failure of ceramics, the failure of varistors appears to 
be statistical in nature with only a fraction of samples in a batch failing under 
the same testing conditions, suggesting that failure is related to the presence 
of defects in the material [17, 27]. The originally intrinsic reason for different 
failure modes is the nonuniformity of ZnO varistors in the microstructure, 
and the microstructurally electrical and thermophysical performances, except 
the applied current waveforms. As discussed in Chapter 5, the microstructure 
is highly nonuniform, and the electrical properties of grain boundary micro- 
junctions are not identical [31-38]. A bulk varistor is a complex multijunction 
device composed of large numbers of both ohmic and nonlinear elements 
connected in a random network. The overall property of the varistor is then 
the collective response of all the grain boundaries and depends not only on 
the boundaries themselves but also on the properties of the grains and their 
topological arrangement in three dimensions [36]. The influence of the geometry 
and topology of the granular microstructure, as well as the properties and the 
distribution of different types of microjunctions on the features of bulk varistor 
devices, is an important and interesting problem. 

A chaotic phenomenon exists in the microstructural characteristics of ZnO 
varistors [38]. It states that the nonuniformity of microstructural characteris- 
tics of ZnO varistors is an original property. This chaotic property leads to the 
intrinsic behavior of nonuniformity of global electrical characteristics caused by 
microstructures of ZnO varistors. 

Statistical analysis shows that the electrical parameters varies across different 
ZnO varistors [39]. Even in the same ZnO varistor, electrical parameters in dif- 
ferent portions are not uniform. As discussed in Chapter 4, many researchers 
have measured the distribution of barrier voltages of single grain boundaries in 
ZnO varistors using different methods; then it is not difticult to understand that 
the nonuniformity exists in global electrical parameters, such as 1 mA DC volt- 
ages (the respective voltage when 1 mA DC current through a ZnO varistor) and 
the impulse residual voltages among different ZnO varistors or different portions 
inside a ZnO varistor. 


6.4.1 Puncture Destruction Simulation 


Eda performed a detailed heat transfer analysis to show that once localized, 
the current flow could lead to filamentary heating and subsequent localized 
melting [2]. Vojta and Clarke discussed the possible microstructural origins 
for such localization and the consequential joule heating using a network 
model incorporating thermal effects [22]. A similar simulation on a commercial 
disk-shaped ZnO varistor of 52 mm diameter and 10 mm height was completed 
using heat conduction analysis by He et al. [12], but the complicated thermal 
transfer between the sidewall and the surroundings were considered. The heat 
conduction inside the ZnO varistor and between the sidewall and the surround- 
ings [40], consisting of natural convection and radiation thermal transfer, can be 
analyzed by the heat conduction theory introduced in Section 5.4.1. 


6.4 Simulation of Puncture and Fracture Failures 


The V—I property of a ZnO varistor could be described by [2] 


E,—mvi2 a 
f=4,29{ “——— 44,1 — (6.6) 
KT i 


where V is the applied voltage on the ZnO varistor; J is the current through the 
ZnO varistor; Ey is the excitation energy of ZnO varistor, Ey = 0.8 eV; Kg the 
Boltzmann’s constant, Kp = 1.38 x 10-73] K-t; A}, A>, and mare constants related 
to the electrical characteristics of ZnO varistor, m = 4.5 x 10- eV"? [2]; Vy, is the 
threshold voltage; and « is the nonlinear coefficient of the varistor. The first part 
of Eq. (6.6) is the Schottky emission current in the low current region of the ZnO 
varistor, and the second part is the nonlinear current in the high current region. 
For the commercial ZnO varistor with 52 mm diameter and 10 mm height, the 
tested parameters are A, = 3410 Acm™; A, = 0.91mAcm™; a = 39. 

It is supposed that there is a small region with a diameter of 1% Din the center of 
the varistor, where the threshold voltage is 5% lower than that of other parts of the 
varistor; the diameter of ZnO varistors is D = 52 mm. When different square wave 
currents are applied to varistors, the small region of low threshold voltage would 
be punctured after different durations. The temperature distributions at different 
times are shown in Figure 6.9 when the current through the ZnO varistor is 3 A 
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and 3 kA. When 3 kA square wave current is applied, after 7 ms, the temperature 
of the small area of low threshold voltage exceeds 820°C, and then it would be 
melted to form a punctured hole, but if 3 A square wave current is injected, a 
melted hole will be formed after 20 seconds [41]. 

The duration for a punctured hole to be formed respectively for different 
applied currents is illustrated in Figure 6.10 [41], which increases linearly as the 
square wave current increases; this means that small currents needs more time 
to form a hole. 


6.4.1.1 Puncture Simulation in Microstructure 

Bartkowiak et al. [42] first simulated the puncture and cracking phenomena 
from the microstructure by Voronoi network as discussed in Chapter 5; their 
proposed models can be used to simulate the thermomechanical behavior of 
various types of metal oxide varistor disks and to estimate their energy absorp- 
tion capability without performing destructive experiments. From the current 
distribution shown in Figure 6.11, there are only a few paths that carry most of 
the current within the voltage-sensitive region. For the case, the average voltage 
gradient applied on ZnO varistor is 2.5 kVcm™ and the average current density 
is 98.1 Acm~; three zigzag tunnels, whose currents are much higher than that of 
the others out of about 30 tunnels, are formed. These three current tunnels carry 
44%, 19%, and 12% of the total current, respectively [43]. So, when a high current 
is injected, or the duration of the applied current increases, the temperature of 
the current localization path will melt Bi,O, of the grain boundaries to produce 
puncture failure. 

Usually, current distribution is related to the uniformities of the grain size and 
the electrical character of the grain boundary. As far as nonuniform grain size 
is concerned, even if the electrical characters of all grain boundaries remain the 
same, a path with less ZnO grains and grain boundaries will be formed, and then 
more current flows through this path to produce a punctured hole. When nonuni- 
form electrical characteristics of all grain boundaries are concerned, even if the 
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Figure 6.11 The current distribution phenomenon inside 
the microstructure of a ZnO varistor simulated by the 
Voronoi network model [43]. The light of the color within a 
polygon represents the current value passing through the 
grain; the darker the color, the less the current. 
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Figure 6.12 The current distribution inside the ZnO varistor under different voltages applied; 
all ZnO grains have the same regular hexahedron structure [43]. 


sizes of all ZnO grains are the same, a path with lower residual voltage exists, and 
more current passes through this path to form puncture failure, too. 

Figure 6.12 shows the current distribution inside a ZnO varistor under differ- 
ent voltages applied; all ZnO grains have the same regular hexahedron structure. 
Only the nonlinear coefficients of all grain boundaries are in a Gaussian distribu- 
tion; current centralization tunnels are still observed. The current centralization 
path is very different under different voltages. In the region of the threshold volt- 
age, the current distribution is relatively uniform. In the small current region, the 
grain boundary with small nonlinear coefficient exhibits a small resistance, so the 
current centralizes in those paths where the grain boundaries have small non- 
linear coefficients. But in the breakdown region, the grain boundary with large 
nonlinear coefticient exhibits small resistance, so the current centralizes in those 
paths where the grain boundaries have large nonlinear coefficients. However, in 
the region of the threshold voltage, the resistances of all grain boundaries are 
close, so the current distribution is relatively uniform. 
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Comparing with the current distribution of ZnO varistor with disorderly 
microstructure in the breakdown region, as shown in Figure 6.30, the current 
concentration paths in Figure 6.12 are obviously more than those in Figure 6.30, 
which means that the microstructure has much more influence on the current 
concentration than the nonlinear coefficient of grain boundary [43]. 


6.4.2 Cracking Failure Simulation in Microstructure 


Using the heat transfer model, the temperature distribution inside ZnO varistors 
can be calculated following the finite difference method. If the temperatures of 
two adjacent ZnO grains are T; and T; respectively, a thermal stress f; between 
them is [44] 


Ya(T; - T) 
a B, 


TE (6.7) 
where Y is the Young’s modulus of elasticity, a is the linear expansion coefti- 
cient, and v is the Poisson’s ratio. The selected parameters are a = 4.86 x 1076 °C, 
v=0.30, and Y =6.9 x 10* MPa [45]. More detailed description of the simulation 
can be found in [46]. 

Figure 6.13 shows a temperature distribution profile of a ZnO varistor [11]. 
Obviously, the temperature of the region with concentrated current is always 
much higher than that of other regions. The average temperature rise in this case 
is 153 K, while the highest temperature rise reaches 376 K and the lowest temper- 
ature rise is only 22 K. The temperature profile for the disk and its time evolution 
allow one to calculate the distribution of thermal stresses and identify the crack- 
ing failure mode. 

The thermal stress distribution with respect to the temperature distribution 
in Figure 6.13 is shown in Figure 6.14. The closer the region is to the current 
concentration path, the tenser the thermal stress is. The highest thermal stress in 
Figure 6.14 reaches 32 MPa. When the thermal stress exceeds the critical thermal 
stress f „ the ZnO varistor ceramics would be cracked into pieces by the thermal 
stress. Figure 6.15 shows the results of another analysis of the thermal stress [46]. 

From the simulation it is found that if the microstructure is entirely uniform, 
a crack will propagate in a planar manner and the fracture energy will be a fixed 
value. However, if there are spatial variations in the microstructure, for instance, 


Figure 6.13 Simulated temperature 
distribution inside a ZnO varistor. The color 
lightness of each grain represents its 
temperature value; the lighter the color, the 
higher the temperature. Source: He and Hu 
2007 [11]. Reproduced with permission of 
IEEE. 
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Figure 6.14 Simulated thermal stress 
distribution inside a ZnO varistor with 
respect to Figure 6.13. The color lightness 
represents the value of thermal stress, the 
darker the color, the higher the thermal 
stress. Source: He and Hu 2007 [11]. 
Reproduced with permission of IEEE. 
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Figure 6.15 The simulated temperature and thermal stress distributions under a current 
distribution inside a ZnO varistor. Source: Chen et al. 2002 [46]. Reproduced with permission of 
Springer. 


local stress-induced microcracking or randomly oriented grain boundaries 
with a distribution of fracture energies, the propagating crack is not planar and 
the fracture energy depends on the microstructure. This is the basis for the 
microstructure design of many structural ceramics [17]. 


6.5 Thermal Runaway 


ZnO varistors have been widely applied in power systems, which work as surge 
arresters in porcelain or polymer houses. When the arrester operates in power 
systems, ZnO varistors must withstand the effects of AC or DC operating volt- 
age and lightning and switching overvoltages. Whether ZnO varistors inside the 
arrester operate well depends on their thermal characteristics. When a surge 
arrester absorbs the energy of lightning or switching overvoltage, the temperature 
of the ZnO varistor inside the arrester increases. If the arrester cannot quickly 
disperse the absorbed energy into the ambient, then the temperature of ZnO 
varistors would exceed their limited operating temperature, and the ZnO varis- 
tors would break down; this is called thermal runaway or thermal breakdown. So 
the arrester should not only operate stably under the operating voltage but also 
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have the ability to maintain transient thermal stability; then ZnO varistors will 
recover to stable operating state from the temperature rise caused by overvolt- 
age energy. The thermal properties of ZnO surge arresters were widely studied 
by many researchers [28, 47—50]. Lat calculated the thermal performance of an 
arrester by a simple equivalent thermal circuit method [49, 50] and He et al. did 
simulation by finite element method (FEM) [40]. 


6.5.1 Power Loss of ZnO Varistor 


The power loss characteristics of ZnO varistors, which decide their operating 
reliabilities and their life spans, are fundamental to analyzing the thermal char- 
acteristics and stability of ZnO varistors and surge arresters. 

The power loss characteristics of ZnO varistors, studied by He et al. [40, 51], 
were measured from commercial ring-shaped ZnO varistors with a diameter of 
71mm and an inner diameter of 26mm, and thickness of 20mm, for 110 and 
220kV surge arresters; as shown in Figure 6.16, the applied voltage ratio q is 
defined as the ratio of the maximum value Umax of applied voltage divided by 
1mA DC voltage, Uma, of the tested ZnO varistor. The power loss of ZnO varis- 
tors is a complicated function of applied voltage ratio and temperature, which 
can be fitted by an artificial neural network (ANN) [40]; the ANN consists of 
an input layer, hidden layers, and an output layer [52]. The applied voltage and 
temperature are the input layers and the power loss is the output layer. 


6.5.2 Thermal Runaway Mechanism 


Thermal runaway is caused by the failure of thermal balance between the 
power loss P of ZnO varistors and their heat dispersion capability Q to the 
ambient. The thermal stability of a ZnO varistor can be analyzed by the thermal 
balance diagram, as shown in Figure 6.17 [41]. When the temperature of ZnO 
varistors exceeds the limited operating temperature, the ZnO varistor would fail. 
The difference between the operating temperature and the limited one is 
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Figure 6.17 The thermal balance diagram. Q is the thermal power loss of varistors to 
environment at fixed ambient temperature; P, and P, are the power losses at different applied 
voltage ratio q, and q,, respectively, and q, > q,. Curves P and Q have two crosspoints; A and B 
are the stable operating points, T, and T, are the respective operating temperatures, and C 
and D the limited operating points, and T, and T, are the respective limited operating 
temperatures. Source: He et al. 2003 [40]. Reproduced with permission of IEEE. 


used to measure the thermal stability of ZnO varistors or surge arresters. The 
temperature difference at q, is less than that at q,, that is to say, the ZnO varistor 
operating under low voltage (small q) has a better thermal stability than that 
operating under high voltage (large q). 

When ZnO varistors inside surge arresters absorb an energy E of lightning or 
switching overvoltage, their temperature increases. If ZnO varistors operate at 
qh, the temperature would exceed the limited temperature T}, and the varis- 
tors would be thermally destroyed. But if the varistors operate at q}, then the 
respective temperature would not exceed the limited temperature T,, and the 
temperature of varistors can go back to the operating temperature T}. Figure 6.18 
is an example of the thermal balance diagram of ZnO varistors inside a 220 kV 
surge arrester with polymer housing [40]. 
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Figure 6.18 The thermal balance diagram of a ZnO surge arrester (1, q = 0.7; 2, q = 0.8; 3, 
q=0.9;4,q=1.0;5,T, =0°C; 6, T, =20°C; 7, T, = 40°C; 8, T, = 60°C). Source: He et al. 2003 
[40]. Reproduced with permission of IEEE. 
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Figure 6.19 The limited operation point of ZnO varistors inside a surge arrester. Source: 
Mizukoshi et al. 1983 [8]. Reproduced with permission of IEEE. 
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The energy absorption capability of ZnO varistors is related to the environ- 
mental temperature and the limited operating temperature. The allowable energy 
absorption of the ZnO varistors should be less than the puncture energy and 
within the range of element temperature stability. As illustrated in Figure 6.19 [8], 
when the temporary overvoltage is applied, the duration should be less than the 
respective value of the limited operation point. If the duration exceeds this value, 
then the ZnO varistors will run away and further produce puncture breakdown. 

The calculated stable operating temperature of ZnO varistors inside a 220 kV 
surge arrester of polymer housing is illustrated in Figure 6.20 [40]. The difference 
between the limited and stable operating temperatures under ambient tempera- 
ture is defined as the rise in limited temperature, which decides the limited energy 
permitted to be absorbed by the ZnO varistors. If the energy absorbed by the ZnO 
varistors exceeds this limited one, the temperature of the ZnO varistors would 
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Figure 6.21 The relationship i s j : 
between the limited 
overvoltage energy permitted 
to be absorbed by ZnO varistors 
inside 220 kV polymeric surge 
arrester and the applied voltage 
ratio under different 
environmental temperature 
(1,7, =0°C; 2,7, =10°C; 

T, =20°C; 4, T, =30°C; 

T, = 40°C; 6, T, =50°C; 

7, T, =60°C). Source: He et al. 
[40]. Reproduced with 
permission of IEEE. 
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exceed the limited operating temperature, and then thermally fail. The calculated 
limited overvoltage energies under different applied voltage ratios and different 
environmental temperatures are shown in Figure 6.21 [40]. 


6.5.3 Tests to Ensure the Thermal Stability Characteristics 


The concept that a surge arrester with ZnO varistors as the core elements has a 
limited operating temperature below which failure does not occur has led to the 
routine use of a variety of proof tests as quality control tools. One such test is to 
subject the varistor to a succession of electrical impulses and determine whether 
any increase, above a specified level, in the leakage current has occurred. Another 
such test is to assess the energy absorption capability by recording the time taken 
to failure under a constant current load [17]. The respective tests include duty 
cycle test and TOV (transient overvoltage) test. 


6.6 Influences of Different Factors on Failures of ZnO 
Varistors 


6.6.1 Influence of Microstructural Nonuniformity 


Many works had been done on the simulation of different factors on failures 
of ZnO varistors [53]. The disorder degree d is used to simulate the nonuni- 
formity of ZnO varistor microstructure; if the disorder degree is zero, the 
microstructure of ZnO varistor is uniform. With increment in the disorder 
degree, the microstructure of the ZnO varistor becomes more nonuniform. 
When the disorder degree is larger than 3, the generated Voronoi network is 
very similar to actual microstructures of ZnO varistors. 

Figure 6.22 describes the current localization ratio (/,,,,,/J,,) of ZnO varistors 
(the average grain size s = 15 um) under the same voltage [11], which is defined 
to represent the diversity of the current localization phenomenon, where /, 
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Figure 6.22 Current localization ratios of ZnO varistors of various disorder degrees. Source: He 
and Hu 2007 [11]. Reproduced with permission of IEEE. 
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Figure 6.23 (a) The maximum temperature rise and (b) the maximum thermal stress of ZnO 


varistors with different disorder parameters. Source: He and Hu 2006 [54]. Reproduced with 
permission of IEEE. 


the maximum of current density J inside the ZnO varistor and /,, is the average 
value of J. 

With the increment of the disorder degree, the current concentration phe- 
nomenon becomes more serious. When the ZnO varistor is uniform (the disorder 
degree d = 0.125), the respective current localization ratio /,,,,/J,, is about 11, 
while it reaches about 33 when the disorder degree is 5. Both the maximum tem- 
perature rise and the maximum thermal stress increase with the increment of 
disorder degree as shown in Figure 6.23 [54]. 

If the current is absolutely uniform and therefore the heat source is even, 
there should be no temperature difference and no thermal stress within the 
microstructure of the ZnO varistor. It can be deduced that the tempera- 
ture rise should be uniform and increase linearly with time at a speed of 
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0.36 KkW-! cm? ms~!. When d =0, the concentration degree of current is 
relatively uniform in the microstructure of ZnO varistor ceramics, so the 
maximum temperature rise AT max also increases linearly with the duration at 
a speed of about 0.375 KkW~! cm? ms“!, which is very close to the case with 
an absolute uniform distribution of current. After 2 ms, AT max grows from 0.75 
to about 2.5K kW7! cm? ms™ (increasing about 3 times) when d increases 
from 0 to 5 and the maximum thermal stress F nax increases from 0.02 to about 
0.3 MPa kW~! cm? (increasing about 15 times). With increase in time, Fmax 
tends to reach a saturation value, and the increasing speed of AT max reaches 
0.36 K kW! cm? ms}, which shows that the temperature difference within the 
ceramics reaches a steady status. The more concentrated the current, the longer 
the time for the temperature difference to reach a steady status. 

So, the more nonuniform the microstructure of the ZnO varistor is, the more 
serious the current localization is, which means that puncture or cracking break- 
down occurs easily in the ZnO varistors. In the meantime, the respective energy 
absorption capability would be smaller. 

Besides current distribution, the distributions of temperature and thermal 
stress within the microstructures of ZnO varistor ceramics are affected by the 
condition of heat transfer, which is determined by the following two factors: 
thermal conductivity, and the cooling area and distance within the ceramic. 
The thermal conductivity of a fixed material is a constant for ZnO varistor 
ceramics. The cooling area and distance are related to the ZnO grain size beside 
the current distribution. The cooling area increases and the distance reduces 
with decrease in average grain size, thus reducing the time constant for the heat 
transfer and accelerating heat transfer in ZnO ceramics. The influence of ZnO 
grain size on the distributions of the maximum temperature rise AT max and 
the maximum thermal stress Fmax on the model with the disorder parameter 
d = 5 are shown in Figure 6.24 [54]. AT max and Fmax increase with duration; 
at the time of 2ms, AT max reaches 1K kW! cm? when the average grain size 
s = 6 um and F max reaches 0.05 MPa kW~! cm? ms~!. When s is more than 6 pm, 
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Figure 6.24 (a) The maximum temperature rise and (b) the maximum thermal stress of ZnO 
varistors with different grain sizes. Source: He et al. 2006 [54]. Reproduced with permission of 
IEEE. 
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AT max increases at a speed of 0.16 K kW! cm? ms, and F nax increases at a 
speed of 0.035 MPa kW~! cm? ms~!. The temperature difference and the thermal 
stress greatly decrease when the average size of the ZnO grain decreases, thus 
improving the surge energy adsorption capability of ZnO varistor ceramics. 

As studied by Bartkowiak et al. [42], puncture is the dominating failure mode 
for only slightly nonuniform disks, but cracking becomes more likely as the 
degree of nonuniformity increases. Usually, it is focused on the improvement 
of the uniformity of the microstructure in order to increase the surge energy 
adsorption capability, but due to the limitation of the fabrication technology, it 
is very difficult to achieve good results, while decreasing the average size of ZnO 
grain is more feasible and effective. 


6.6.2 Influence of Electrical Nonuniformity in Microstructure 


Another metric that accounts for the nonuniformity of ZnO varistor in 
microstructure is the nonuniformity of the electrical characteristics of grain 
boundaries. One of the important parameters in the physical models of ZnO 
varistors explaining the transition phenomenon from the low current region to 
the high current region is the value of the barrier voltage, which refers to the 
breakdown voltage per grain boundary barrier. As discussed in [55], the barrier 
voltage has a normal distribution, and its average value by direct measures is 
3.3 V. When the standard deviation of the barrier voltage is changed, Figure 6.25 
shows the current localization ratios of ZnO varistors with distributed barrier 
voltage variances under the same applied voltage [54]. As the standard deviation 
of the barrier voltage, A Vg, increases, J max/Jay rises. When AV is 1.6 V, J max av 
reaches about 30, so the current localization is very severe, and the varistor 
would fail easily; then the energy absorption capability would be small. 
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Figure 6.25 Current localization ratios of ZnO varistors with distributed barrier voltage varied. 
Source: He et al. 2006 [54]. Reproduced with permission of IEEE. 
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6.6.3 Simulation Analysis on Breakdown Modes 


In order to judge what type of damage first occurs, the average temperature 
rise, the highest temperature rise, and the maximum thermal stress are divided 
by the criteria of thermal runaway, puncture, or cracking, which are selected 
as 180°C, 800°C, and 40 MPa, respectively. Figure 6.26 shows the changes of 
the highest temperature rise, the average temperature rise, and the maximum 
thermal stress of a simulated ZnO varistor as the time increases, in the case 
with average current density /,,(t) = 98.1 A cm~? and average thermal stress 
F(t) = 2.5kVcm~!. The average temperature rise has a linear relationship 
with time, the rising speed of the highest temperature, and the maximum 
thermal stress decrease with time. The maximum thermal stress has an obvious 
saturation phenomenon and reaches a steady state as the time increases. If a 
continuous operating voltage is applied on the ZnO varistor while such a surge 
energy is absorbed, the ZnO varistor will be damaged by cracking and thermal 
runaway, while puncture damage will not occur. 

When the current with the same density is applied, the maximum thermal 
stress inside the ZnO varistor of average grain size s =7.5 pm is higher than that 
of average grain size 15 um. The highest temperature of the ZnO varistor whose 
average grain size is 7.5 um is higher than that of the ZnO varistor whose average 
grain size is 15 um only after 500 ps, but even after 2000 ps the difference is not 
more than 30%. The result indicates that the impulse energy absorption capabil- 
ity will be improved by 0.54 times when the average size of ZnO grain halves. 
So surge energy absorption capability can be notably improved by decreasing the 
mean value of grain size. 

But if a continuous operating voltage is not applied on the ZnO varistor while 
only an impulse voltage is applied, the result will be different. Figure 6.27 shows 
the curves of the maximum tolerant time when a single square wave current is 
injected; it can be concluded that the ZnO varistor is more likely damaged by 
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Figure 6.26 The curves of temperature rise and thermal stress of a ZnO varistor as the time 
increases when a continuous operating voltage is applied. 
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Figure 6.27 Energy absorption capability of ZnO varistors with a single square wave current 
applied. 


cracking when suffering higher current density, but suffers melting puncture at 
lower current density. The smaller the grains are, the easier the ZnO varistor is 
damaged by melting puncture. 


6.7 Influential Factors on Energy Absorption Capability 


6.7.1 Influence of the Applied Current 


In the experiments introduced in Section 6.2, the energy absorption capability 
was estimated, which is directly related to the current waveforms; the relation- 
ship between the energy absorption capability and the duration of applied current 
is plotted in Figure 6.28 [11], which appears as a U-shaped curve. The black line 
indicates the average values of experiments under the same condition, and the 
dotted lines indicate the respective upper and lower bounds. The energy absorp- 
tion capability reaches its minimum when the pulse duration is about 1 ms. If 
the duration is less than this pulse duration, the energy absorption capability 
decreases as the duration increases, and when the duration is longer than this 
pulse duration, the energy absorption capability increases continuously. 

The energy absorption capability of ZnO varistors has a complex dependence 
upon the peak and the duration of the impulse current applied. A similar result 
was discussed by Sakshaug et al. [3]; the energy absorption capability decreased 
with the increment of current, and then increased again if the current became 
very high and the impulse duration became very short. 

Besides, the relationship between the energy absorption capability and the 
current density is shown in Figure 6.29 [11], which shows U-shaped behavior 
as well. When a small current is applied for a long time, the energy absorption 
capability is very high. Under such conditions, the heat produced in one portion 
of the varistor could be uniformly conducted to the whole varistor, so the 
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Figure 6.28 The relationship between the energy absorption capability and the duration of 
applied current. Source: He and Hu 2007 [11]. Reproduced with permission of IEEE. 
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Figure 6.29 The relationship between the energy absorption capability and the current 
density of applied current. Source: He and Hu 2007 [11]. Reproduced with permission of IEEE. 


possibility of overheat in one part is very low, and the energy required for 
varistor failure will be high. When a large current is applied for a very short 
duration, the energy absorption capability will be high, too. It is believed that 
ZnO varistors can hardly undergo failure in such a short duration; therefore, 
they present a high energy absorption capability. This behavior was interpreted 
as a consequence of entering the upturn region of the J-V characteristic [3], and 
Bartkowiak et al. [56] further proposed that the value of the upturn resistivity 
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Figure 6.30 Simulated current localization phenomena (The gray-level spectrum from white 
to black represents the relative value of the current passing through a grain. The darker the 
color in a grain is, the more current passes through the grain.). Source: He and Hu 2007 [11]. 
Reproduced with permission of IEEE. 


is important for the energy absorption capability in the high current density 
region. This value can be controlled by the level of aluminum doping. 

From Figures 6.29 and 6.30 [11], the energy absorption capabilities disperse 
obviously among different varistors when a small current is applied for a long 
time, although it is mitigated when a large current is applied for a short time. The 
ratio between the maximum and minimum energy absorption capabilities is 1.56 
when 50 Hz AC current is applied, which indicates that the energy absorption 
capability is very nonuniform. Under 8 and 2 ms square wave currents, the ratios 
are 1.51 and 1.40. But when an 8/20 us impulse current is applied, this ratio is 
only 1.08, showing that the energy absorption capability is fairly uniform. 

As analyzed above, the voltage or current applied has a dominant influence 
on the energy absorption capability of the ZnO varistor. The current concentra- 
tion phenomenon is of crucial importance in such results, which can be easily 
observed from the simulation results shown in Figure 6.30. The extent of current 
localization is quite diverse under varied voltage. When the applied voltage is very 
small (the respective current is small), the current distribution inside the ZnO 
varistor is uniform. It is difficult to behave current concentration phenomenon, so 
the energy absorption capability of ZnO varistor will be high. When the applied 
voltage increases (the respective current increases), the current paths become 
less. When the applied voltage is 2700 V cm“, there are only two obvious current 
localization channels observed. Most of the current flows through both narrow 
channels, so the current concentration is very severe. Then, the energy absorption 
capability becomes small with the increment of the applied current. Subsequent 
to the increment of the voltage applied, the current concentration paths increase 
instead. When the applied voltage is 3900 V cm“, which is in the upturn region 
of the V-I characteristics of the varistor, where the current density is uniform in 
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the disk, we can observe many current concentration paths again; this means the 
energy absorption capability increases. Such varied phenomenon of the current 
distributions in Figure 6.30 is well fit to explain the U-shaped curve between the 
energy absorption capability and the applied current as shown in Figure 6.29. 


6.7.2 Influence of Varistor Cross-sectional Area 


The ZnO varistor can be regarded as a large number of ZnO grains and grain 
boundaries in parallel and in series; its surge energy absorption capability is 
dependent on its microstructure [2, 8]. Generally, we would think that a thicker 
varistor should have a higher threshold voltage, and a varistor with a larger 
cross-sectional area could absorb more energy proportionally. But actually, the 
sintered polycrystalline ceramic is not uniform in microstructure, so that the 
energy absorption capability does not increase linearly with its cross-sectional 
area. The test results state that the deviation of the destruction energy is more 
pronounced for the varistor with larger cross-sectional area, while the energy 
absorption capability per unit volume decreases accordingly. 

Two types of commercial disk-shaped ZnO varistors with diameters D of 52 
and 32mm, and same thickness H of 10mm were tested; both had the same 
additives and were sintered in the same technique. A square wave current 
with 2ms duration was applied to the varistors, and their energy absorption 
capabilities were 216 and 271Jcm™? on average [11]. Obviously, the energy 
absorption capability decreases when the cross-sectional area increases. The 
larger the cross-sectional area of the ZnO varistor is, the smaller its energy 
absorption capability is. 

The uniform current distribution is particularly important to a varistor disk 
with large cross-sectional area, because it has higher probability of microstruc- 
tural, electrical, and thermophysical nonuniformity and becomes more prone 
to puncture and cracking. Thus, its energy absorption capability decreases with 
increase in cross-sectional area. 


6.7.3 Simulation Analysis on Surge Energy Absorption Capability 


The energy absorption capability per cubic centimeter is defined as the energy E 
absorbed by the ZnO varistor before it fails [4]: 


te 
E= Í Ta HF (t)dt (6.8) 
0 


where t; is the time to failure, J „(t) is the average current density, and F,,(¢) is 
the average voltage gradient. If a square wave current is applied, /,,(¢) is constant 
and F „(t) varies as the current and temperature profile change. 

There is a very strict test to determine the surge energy absorption capacity of 
the ZnO varistor, wherein the ZnO varistor is demanded to withstand a square 
wave impulse current for 18 times. In the time interval between two impulse cur- 
rents, the temperature of every part will become uniform and reach the average 
temperature, so the temperature rise will be identical during every impulse and 
the thermal stress is also the same. But the original temperature of every part is 
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higher than the last time, and the highest temperature will increase with the time. 
So the ZnO varistor may be more likely damaged by melting puncture in this test. 

By assuming a varistor disk of 45 mm height and 32 mm diameter with a hot 
spot of 5mm diameter, Bartkowiaka et al. [4] analyzed the time to failure t; and 
the energy absorption capability of a distribution-class arrester disk for differ- 
ent failure modes, as shown in Figure 6.31. At low currents, the disk is stable. 
But, as the current density is increased above J,, = 6 x 1075 Acm7?, the tem- 
perature of the disk does not stabilize. After some time, it reaches the limited 
stable temperature T,= 190°C, and thermal runaway occurs. Although the heat- 
ing of the disk is quite nonuniform, it is so slow that the heat has enough time to 
diffuse from the hot spot, and the temperature distribution is almost flat. The 
energy absorption capability for low current remains above 550 J cm~, which is 
in good agreement with the results in [6]. When /,, = 0.14 A cm”, the timescale 
becomes too short for the temperature distribution to flatten. After about two 
seconds of heating, the compressive stress in the axial direction S,, at the hot 
spot becomes higher than the compressive strength S; of 70 kpsi, and the disk 
cracks. As the current is further increased, the energy absorption capability falls 
to about 330 J cm™, reaches a minimum at about 1 A cm~, and increases again. 
In this region of applied current densities, it is the stress at the hot spot in the 
axial direction that exceeds the failure stress. Therefore, the block is predicted to 
crack in a plane perpendicular to the cylindrical axis. When the current density 
becomes higher than about 50 A cm7?, the failure mode is still cracking, but it is 
caused by the tensile stress in the tangential direction. Hence, the disks become 
more likely to crack along lines branching out from the hot spot, or a portion of 
the sidewall may break off. 

The energy absorption capability imposed by cracking increases rapidly for cur- 
rent density J „ > 300 A cm~?. The nonlinearity coefticient decreases fast at high 
current; consequently, the current density distribution, and the heating, become 
more uniform, and the thermal stresses are lower. Observations of an increase of 
the energy absorption capability of ZnO varistors for very high current pulses is 
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Figure 6.31 (a) The time to failure t; and (b) the energy absorption capability of a 
distribution-class-arrester disk for different failure modes. Source: Bartkowiak et al. [4]. 
Reproduced with permission of IEEE. 
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thus a consequence of entering the upturn region of the J—V characteristic [3, 5], 
where the current localization is less. 

When the average current density is above 400Acm~, the simulations 
indicate that the block should thermally runaway rather than crack. The energy 
absorption capability for thermal runaway and the corresponding time to 
failure decrease more rapidly as the current density becomes higher than about 
1.5 kA cm~? because deep in the upturn region, the voltage gradient increases 
linearly with the current, causing a rapid increase in the input power. Therefore, 
less time is needed to heat up the disk to the stability limit temperature T,. 

As shown in Figure 6.32 [56], the energy absorption capability for puncture 
is always higher than those for thermal runaway and cracking. In contrast 
to the station-class disks discussed in the next section, puncture failures of 
distribution-class arresters are rare. The latter either crack under high current 
pulses or thermally runaway due to temporary overvoltages or switching surges 
[6]. The energy absorption capability curves for puncture and cracking are close 
to each other in the low current region. Therefore, punctures of distribution-class 
varistor disks can also be observed. 

The energy absorption capability for the thermal runaway (measured per vol- 
ume unit) does not significantly depend on the shape of the varistor disk and is 
not sensitive to the size and the intensity of the hot spot [56]. Therefore, also 
for the low aspect ratio disks, E =550Jcm™ within a wide region of applied 
currents. However, energy absorption characteristics for puncture and crack- 
ing failure modes are different from those for disks of high aspect ratio. These 
characteristics are obtained from the simulations of a disk of 23 mm height and 
63 mm diameter with a hot spot of 1 cm diameter. The thermal stresses in the axial 
direction are negligibly small in the disks of low aspect ratio, and the radial and 
tangential compressive stresses calculated never reach the compressive strength 
of the material, S = 570 kpsi. Therefore, the disk never cracks at compression, 
and for the current densities 10 mA cm~? < J „ < 3 A cm~?, the only possible fail- 
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Figure 6.32 (a) The time to failure t; and (b) the energy absorption capability of a 
station-class-arrester disk for cracking and puncture. Source: Adapted from Bartkowiak et al. 
[56]. 
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the tensile tangential stresses around the hot spot become higher than the ten- 
sile strength of the varistor ceramic, Sg, before the temperature at the hot spot 
reaches 800°C. Therefore, instead of exhibiting a puncture, the disks become 
more likely to crack along lines branching out from the hot spot. This crack- 
ing pattern, as well as the transition described above from the puncture failure 
mode at low current densities to cracking at high currents, is in qualitative agree- 
ment with the experimental observations of Eda [2], who studied the relationship 
between the magnitude of the destruction current and the destruction modes for 
samples having 14 mm diameter and 1.3 mm thickness. 

From analysis, the energy absorption capability crucially depends on the elec- 
trical uniformity of the disks. The influence of the size and the degree of the 
possible nonuniformity is evaluated for current surges of various magnitudes and 
durations. The uniformity of the distributions of current, temperature, and ther- 
mal stress can be notably improved by increasing the uniformity of grain size and 
the uniformity of the electrical character of the grain boundary. But actually, it is 
very difficult to improve the uniformity of grain size and electrical character of 
the grain boundary. Analysis indicates that the uniformity of the distribution of 
current, temperature, and thermal stress can be notably improved by decreasing 
the grain size. 

As a further conclusion, the energy absorption capability of a ZnO varistor 
can be improved by reducing the current localization, which could be weakened 
by enhancing the uniformities of ZnO grain size and the barrier voltage of the 
ZnO varistor, while the first method is more viable and effective comparatively. 
As studied by Bartkowiak et al. [42], the energy absorption capability decreases 
rapidly with the intensity of the hot spots, where the breakdown voltage is 
assumed to be lower than that for the rest of the varistor blocks and more 
current is absorbed. The value of the minimum energy handling only weakly 
depends on the size of the hot spot and becomes lowest for disks with hot spots of 
an intermediate size. The energy absorption capability at high currents strongly 
depends on the position of the upturn region in the varistor V—/ characteristic. 
It turns out that it is possible to minimize the chance of a failure of varistor disks 
by adjusting this resistivity to the requirements of particular applications. 

One of the ANSI/IEEE standard tests for ZnO varistors is to see whether they 
withstand a short high current (65 or 100 kA) pulse with 4/10 us waveform, but 
such high values of current density are in the upturn region of the varistor V—I 
characteristic, where the current density is uniform in the disk. Consequently, the 
temperature profile is uniform, and cracking or puncture is unlikely. The pulses 
are also too short to cause thermal runaway. However, varistor disks are much 
more prone to failures at lower currents. Therefore, the standard high current test 
provides very little information about the actual energy handling capability. From 
the analysis, the current density necessary to cause disk failure for such duration 
currents is likely to be in the order of 500-1000 A cm™ for typical distribution 
arresters (corresponding to current magnitudes of 4-8 kA in 32 mm diameter 
disks, 6.5—13 kA in 40 mm diameter disks). A test involving discharges of duration 
in the range of 200-300 jis was suggested. [42] This is in a similar range obtained 
from the experimental result shown in Figure 6.28. 


6.8 Discussions on Energy Absorption Capability 
6.8 Discussions on Energy Absorption Capability 


6.8.1 Energy Absorption Capability Determined by Fracture Failure 


The energy absorption capabilities of ZnO varistors leading to puncture and 
cracking failures can be analyzed by thermodynamics. When an element inside 
a ZnO varistor absorbs energy P, the thermally insulated temperature rise AT is 
expressed as 


p= 2 
AVC, 


(6.9) 


where AV is the volume of the element, p is the specific gravity, and C, is the 
specific heat constant. The specific heat constant C, at 20°C is 498 J kg’ °C, and 
the specific gravity p is 5600 kg m~* [50]. If the temperature rises of two close 
elements are AT, and AT, respectively, the thermal stress f formed between 
them can be calculated by Eq. (6.9). The critical thermal stress f „ which causes 
varistor cracking is in the range between 17.2 and 48.3 MPa, and 17.2 MPa was 
selected in the analysis [44]. 

Because the contact between the surface of a ZnO varistor and the electrode 
and the electrical characteristics among different elements in the ZnO varistor 
are different, the energies absorbed by different elements in the varistor vary 
from element to element when a current is applied to it. The energy absorption 
uniformity S is defined as the ratio of the minimum and the maximum energies 
absorbed by the inner elements. When S = 1, the energy absorption of a varistor 
is very uniform. 

It is found from Eq. (6.9) that the temperature rise of an element inside the 
varistor caused by absorbed impulse energy is directly determined by the heat 
capacity pC, but different regions inside the ZnO varistor have different heat 
capacities. The heat capacity uniformity B is defined as the ratio between the 
minimum and the maximum values of the heat capacity pC, among all elements 
inside a varistor, (PC,) min ANd (C,) max» respectively [11]: 


(PCp)mi 
Bots (6.10) 
(0C,) max 
Defining (pC,),y as the average value of (pC,)min and (9C,)max» When B and S 
exist, the maximum temperature difference between two neighboring elements 
inside the varistor would be [11] 
P/S P _ P(Q +B) -— SB) 


= —— (6.11) 


Re = = —__- —___ 
102 BVOC min AVC max 2AVBS(PC, uy 


From Eqs. (6.7) and (6.11), the surge energy absorption capability Pg of crack- 
ing destruction per unit volume caused by the synthetical effect of the energy 
absorption uniformity and heat capacity uniformity could be calculated by 
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The energy absorption capability P, of cracking failure caused by the syntheti- 
cal effect of the energy absorption uniformity S and the heat capacity uniformity 
Bis illustrated in Figure 6.33. 

The tested actual energy absorption capabilities of the commercial ZnO varis- 
tors are in the range from 216 to 269 J cm~? when switching impulse currents are 
applied. Thus, when B = 100%, the energy absorption uniformity S of the tested 
varistor ranges from 63.0% to 68.9%; when B = 90%, then S is between 74.0% and 
79.2%. So, obvious nonuniformity exists in the energy absorption and heat capac- 
ity of ZnO varistors. The energy absorption capability is seriously affected by the 
uniform degree of ZnO varistors, which would increase quickly as the nonuni- 
formity of ZnO varistors is improved. 

The nonuniformity of heat capacity includes two aspects [11]. Firstly, from 
experimental results, the thermophysical parameters C, and k are largely deter- 
mined by temperature, while k is the thermal conductivity. Thus, different ele- 
ments inside a varistor have different thermophysical parameters because the 
temperatures vary from unit to unit, due to different energies absorbed by differ- 
ent elements. Secondly, different elements inside a varistor have different ther- 
mophysical parameters p and C,; this is caused during the sample preparation 
and sintering process. 


6.8.2 Energy Absorption Capability Determined by Puncture Failure 


As discussed in Section 6.4, the puncture failure of ZnO varistors is caused by 
current concentration, which can be produced by the electrical property nonuni- 
formity in the microstructure. Here, the electrical property nonuniformity F is 
defined as the ratio of the area with the threshold voltage decreasing by 5% and 
the total surface area; if F is equal to 0, then the ZnO varistor would be very 
uniform. When 3 A and 3 kA square wave currents are applied to varistors, the 
limited surge energy absorption capability Pp, which results in puncture destruc- 
tion, as a function of F is illustrated in Figure 6.34 [41]. 
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When F >1%, the Pp values at high and low currents are the same. But, when F 
<1%, then Pp of 3 A current is larger than that of 3 kA current. The reason is that 
the time to reach the melting temperature at low current would be longer than 
that at high current. The less the area with low threshold voltage is, the more 
easily the generated heat would be absorbed by surrounding parts, so the energy 
to form a punctured hole at low current would be more than that at high current. 

The energy absorption capability is very small when the electrical characteristic 
is quite nonuniform. So, improving the electrical property uniformity of a ZnO 
varistor will effectively improve its surge energy absorption capability. 

Another test connected the puncture failure probability with the energy 
absorption capability of ZnO varistor [5]; an energy handling test at 60 Hz and 
7A peak current is plotted in Figure 6.35. In these tests, the failures were all 
by thermal runaway, leading to a distinctive puncture mode of failure. There is 
clearly a statistical distribution in energy absorption capability from one varistor 
to another. 
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6.8.3 Discussion on Nonuniformity of Energy Absorption Capability 


Eda [2] measured the distribution of the threshold voltages in ZnO varistors by 
applying spot electrodes on both lapped surfaces opposite each other. For a typi- 
cal sample, it had a small region with lower threshold voltage than other regions 
by 5%, but for a less uniform sample, the region had lower threshold voltage than 
the other regions by 11%. Their respective energy absorption capabilities were 
analyzed as 117 and 128 J cm™. 

Mizukoshi et al. [8] analyzed the influence of nonuniformity on energy absorp- 
tion capabilities of zinc oxide elements by monitoring the surface temperature 
distribution of ZnO varistors with an infrared radiation thermo-camera. Local 
heating was induced by current concentration in some portion of the varistor. 
The nonuniformity factor ô was defined as [8] 


y Pe 
6= oe n (6.13) 
7 ee Ti 


where T max and T min are the maximum and minimum temperatures inside a ZnO 
varistor when a voltage is applied to it and T; is the initial temperature. 

As shown in Figure 6.36 [8], the maximum ô reaches 1.7, and the respective 
energy absorption capability is only 400 J cm~?. Ahmed et al. reported a test result 
[23] when a ZnO varistor was used to limit the repetitive pulse generated by 
an insulated-gate bipolar transistor (IGBT) power electronic circuit; the hottest 
region reached 127°C while the lowest region reached only 30°C. If the initial 
room temperature is assumed as 20°C, then the highest ô reaches about 10.7; 
the energy absorption capability will thus be extremely low. 

In many cases, the punctured area of a varistor agrees with the hot spot in 
the thermograph, proving that the varistor is melted by current concentrations. 
When an overvoltage is applied to a ZnO varistor, the portion with the highest 
nonuniformity would first reach its puncture energy, and the varistor would be 
cracked. 

The measured energy absorption capability of commercial ZnO varistors 
was in the range from 218 to 269 J cm™? when a switching impulse current was 
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applied to them. It is only 31.1-38.4% of that of the uniform varistor tested by 
Mizukoshi et al. [8]. 

From Figure 6.33, if the microstructure and the electrical and thermophysi- 
cal characteristics of varistors are uniform, the energy absorption capability of 
this ideal ZnO varistor can reach as high as 900 J cm~*. Thus, the actual energy 
absorption capability of commercial ZnO varistors is in the range from 24.2% to 
29.9% of that of the ideal varistor. 

Therefore, it is reasonable that the energy absorption capability of a varistor 
decreases substantially if it has a high nonuniformity. So, to improve the unifor- 
mities of the microstructure, the electrical characteristics and thermophysical 
parameters of ZnO varistors would greatly increase their energy absorption 
capability, which could be improved by modifying the sintering technique and 
additives. In the meantime, the surface of the ZnO varistor should be very plain, 
and good contact conditions between ZnO varistors and high voltage electrode 
and between ZnO varistors when they are assembled as surge arresters should 
be reached. 


6.8.4 Additives Effect on Energy Absorption Capability 


Rare earth oxides, such as PrO}; Y,O3, La,O3, Ce,O,, and Nd,O,, can reduce 
the grain size of ZnO varistors to increase the energy absorption capability; 
this kind of ZnO varistor is called as a high voltage gradient one. Usually, 
rare earth oxides are added with contents of 0.01-0.5 wt% to ZnO standard 
and antimony-rich varistor compositions [23]. It is found that the rare earth 
oxide allows reaching large energy absorption capability values for the high 
voltage gradient ZnO-based varistors [57]. These results can be explained by 
the presence of the extra-pyrochlore phase, suggesting less bismuth oxide in the 
ceramics, especially at grain boundaries. Varistors present more active grains 
and hence a larger conduction section, which account for a large absorption 
capability. 

The average size of the ZnO grain of common ZnO varistor ceramics is about 
15 um, while that of high voltage gradient is about 9 um. The number of ZnO 
grains and grain boundaries per unit thickness increases when the average grain 
size reduces, and the voltage-sensitive gradient increases correspondingly. When 
injecting a current with the same density for a conventional ZnO varistor into 
the high voltage gradient varistor, the absorbed surge energy increases propor- 
tionally. However, in fact, the permitted current flowing through the high voltage 
gradient ZnO varistor is far larger than that of a conventional one. From the tested 
results for ZnO varistor with the size of 32 mm diameter and 30 mm thickness, 
compared with conventional varistors, the 1 mA reference voltage of high volt- 
age gradient ZnO varistor increases from 6.3 to 8.8 kV, the tolerance value of 18 
times 2 ms square wave impulse current increases from 120 to 200A, and the 
respective surge energy absorption capability increases from 85 to 197 J cm~3. As 
shown in Figure 6.37 [46], actually the uniformity difference in microstructure 
between these two kinds of ceramics is not significant. The main reason for the 
improvement in the surge energy absorption capability of the high voltage gra- 
dient ZnO varistor is that the number of current paths increases proportionally 
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10 um 


(b) 


Figure 6.37 The microstructure of (a) common and (b) high voltage gradient ZnO varistor 
under electron microscope. Source: Chen et al. 2002 [46]. Reproduced with permission of 
Springer. 


to the inverse of the square of the average size of ZnO grains; the cooling area 
increases, and the distance decreases correspondingly. All this helps the heat pro- 
duced in the ceramics to transfer quickly and decrease the temperature difference 
and thermal stress. 


6.8.5 Other Measures to Improve Energy Absorption Capability 


The energy absorption capability of ZnO varistors can be increased by improving 
the sintering techniques and adjusting the prescriptions, and as discussed above, 
can be notably improved by decreasing the mean grain size. 

In varistor fabrication, the passivation thickness plays an important role in 
varistor performance. The glass is applied on the peripheral surface of the disks to 
provide a collar material and acts as a barrier to heat transfer during energy test- 
ing; the coating of the glass acts as an insulator and resists the heat transfer. If the 
glass peripheral layer is not coated, the failure occurs mainly by side flashover 
and by combined side flashover and pinhole. The effect of the glass coating is 
more obvious in the second and third shots in the energy test. The heavier coating 
acts as a higher insulator and does not dissipate heat as effectively as the smaller 
thickness. Thus, the high temperature in the ceramics makes it more vulnerable to 
failure. This feature is supported by the fact that the thicker coating failed through 
the ceramic and most of the disks failed by electrical puncture. More than 85% of 
the varistors failed through the ceramic coated with thicker passivation coating 
compared to 27% in the case of the thin coating. Neither too low nor too high 
an amount of passivating material is favorable for varistor performance. Initial 
failure was prevented by applying glass material of thickness of 220 um, and the 
survival of a larger number of disks above 500 J cm~? was also increased [58]. 


References 


1 Gupta, T.K. (1990). Application of zinc oxide varistors. Journal of the Ameri- 
can Ceramic Society 73 (7): 1817—1840. 


References 


2 Eda, K. (1984). Destruction mechanism of ZnO varistors due to high cur- 
rents. Journal of Applied Physics 56 (10): 2948-2955. 

3 Sakshaug, E.C., Burke, J.J., and Kresge, J.S. (1989). Metal oxide arresters on 
distribution systems: fundamental considerations. JEEE Transactions on Power 
Delivery 4 (4): 2076-2089. 

4 Bartkowiak, M., Comber, M.G., and Mahan, G.D. (1999). Failure modes and 
energy absorption capability of ZnO varistors. IEEE Transactions on Power 
Delivery 14 (1): 152-162. 

5 Ringler, K.G., Kirkby, P., Erven, C.C. et al. (1997). The energy absorption 
capability and time-to-failure of varistors used in station-class metal-oxide 
surge arresters. IEEE Transactions on Power Delivery 12 (1): 203-212. 

6 Kirkby, P., Erven, C.C., and Nigol, O. (1988). Long-term stability and energy 
discharge capacity of metal oxide valve elements. JEEE Transactions on Power 
Delivery 3 (4): 1656-1665. 

7 Kan, M., Kojima, S., Nishiwaki, S. et al. (1983). Surge discharge capability and 
thermal stability of a metal oxide surge arrester. JEEE Transactions on Power 
Apparatus and Systems 102 (2): 282-289. 

8 Mizukoshi, A., Ozawa, J., Shirakawa, S., and Nakano, K. (1983). Influence of 
uniformity on energy absorption capabilities of zinc oxide elements as applied 
in arresters. IEEE Transactions on Power Apparatus and Systems 102 (5): 
1384-1390. 

9 Wang, S.L., Gao, S.X., Li, H.F. et al. (1992). The relation between testing 
waveform and energy density on ZnO varistor. In: Annual Report of Confer- 
ence on Electrical Insulation and Dielectric Phenomena, 543-548. IEEE. 

10 Cao, Z.C., Wu, R.J., and Song, R.S. (1994). Ineffective grain boundaries 
and breakdown threshold of zinc oxide varistors. Materials Science and 
Engineering B 22 (2-3): 261-266. 

11 He, J.L. and Hu, J. (2007). Discussions on nonuniformity of energy absorption 
capabilities of ZnO varistors. IEEE Transactions on Power Delivery 22 (3): 
1523-1532. 

12 He, J.L., Cho, H.G., Han, S.W., and Kang, H.B. (1998). Impulse destruction 
mechanisms of ZnO varistors. The Korean Physical Society 11 (4): 460—467. 

13 Sweetana, A., Kunkle, N., Hingorani, N., and Tahiliani, V. (1982). Design, 
development and testing of 1200 kV and 550 kV gapless surge arresters. IEEE 
Transactions on Power Apparatus and Systems 101 (7): 2319-2327. 

14 Carlson, W.G., Gupta, T.K., and Sweetana, A. (1986). A procedure for esti- 
mating the lifetime of gapless metal oxide surge arresters for AC application. 
IEEE Transactions on Power Delivery 1 (2): 67—74. 

15 Mizuno, M., Hayashi, M., and Mitani, K. (1981). Thermal stability and life 
of the gapless surge arrester. IEEE Transactions on Power Apparatus and 
Systems 100 (5): 2664—2671. 

16 Nishiwaki, S., Satoh, T., Mizoguchi, H. et al. (1984). Study of thermal run- 
way/equivalent prorated model of a ZnO surge arrester. IEEE Transactions on 
Power Apparatus and Systems 103 (2): 413—421. 

17 Clarke, D.R. (1999). Varistor ceramics. Journal of the American Ceramic 
Society 82 (3): 485-502. 


231 


232 


6 Breakdown Mechanism and Energy Absorption Capability of ZnO Varistor 


18 


19 


20 


21 


22 


23 


24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


Haryono, T., Sirait, K.T., Tumiran, T., and Berahim, H. (2011). The damage 
of ZnO arrester block due to multiple impulse currents. Telecommunication 
Computing Electronics and Control 9 (1): 171-182. 

Pike, G. (2001). Breakdown in ZnO Varistors by High Power Electrical Pulses. 
Albuquerque, NM and Livermore, CA: Sandia National Laboratories. Sandia 
report SAND2001-2160. 

Neto, E.W., Da Costa, E.G., Maia, M.J.A., and Ferreira, T.V. (2006). Failure 
analysis in ZnO arresters using thermal images. In: JEEE/PES Transmission & 
Distribution Conference and Exposition: Latin America, 1—5. IEEE. 

Nanfa, Z., Guoyao, K., and Yaping, G. (2010). Long duration impulse with- 
stand capability of SPD. In: 2010 Asia-Pacific Symposium on Electromagnetic 
Compatibility (APEMC), 1510-1513. IEEE. 

Vojta, A. and Clarke, D.R. (1997). Microstructural origin of current localiza- 
tion and “puncture” failure in varistor ceramics. Journal of Applied Physics 81 
(2): 985-993. 

Ahmed, M.M.R., Putrus, G.A., Ran, L., and Penlington, R. (2001). Measuring 
the energy handling capability of metal oxide varistors. In: 16th International 
Conference and Exhibition on Electricity Distribution, Paper No. 1.33., 33-37. 
IET. 

Wang, H., Bartkowiak, M., Modine, F.A. et al. (1998). Nonuniform heating 
in zinc oxide varistors studied by infrared imaging and computer simulation. 
Journal of the American Ceramic Society 81 (8): 2013-2022. 

Bartkowiak, M. and Mahan, G.D. (1995). Nonlinear currents in Voronoi 
networks. Physical Review B 51 (16): 10825-10832. 

Vojta, A., Wen, Q., and Clarke, D.R. (1996). Influence of microstructural dis- 
order on the current transport behavior of varistor ceramics. Computational 
Materials Science 6 (1): 51-62. 

Vojta, A. and Clarke, D.R. (1997). Electrical-impulse-induced fracture of 
zinc oxide varistor ceramics. Journal of the American Ceramic Society 80 (8): 
2086-2092. 

Stockum, F.R. (1994). Simulation of the nonlinear thermal behavior of metal 
oxide surge arresters using a hybrid finite difference and empirical model. 
IEEE Transactions on Power Delivery 9 (1): 306-313. 

Ellis, H.F., Reckard, R.M., Phillipp, H.R., and Nied, H.F. (1990). Fundamental 
Research on Metal Oxide Varistor Technology. Palo Alto, CA: Electric Power 
Research Institute. No. EPRI-EL-6960. 

Boley, B.A. and Weiner, J.H. (2012). Theory of Thermal Stresses. North 
Chelmsford, MA: Courier Corporation. 

Van Kemenade, J.T.C. and Eijnthoven, R.K. (1979). Direct determination of 
barrier voltage in ZnO varistors. Journal of Applied Physics 50 (2): 938-941. 
Krivanek, O.L., Williams, P., and Lin, Y.C. (1979). Direct observation of volt- 
age barriers in ZnO varistors. Applied Physics Letters 34 (11): 805-806. 
Wong, J. (1976). Barrier voltage measurement in metal oxide varistors. Jour- 
nal of Applied Physics 47 (11): 4971—4974. 

Tao, M., Ai, B., Dorlanne, O., and Loubiere, A. (1987). Different “single 
grain junctions” within a ZnO varistor. Journal of Applied Physics 61 (4): 
1562-1567. 


35 


36 


37. 


38 


39 


40 


41 


42 


43 


44 
45 


46 


47 


49 


50 


51 


52 


References 


Wang, H., Li, W., and Cordaro, J.F. (1995). Single junctions in ZnO varistors 
studied by current-voltage characteristics and deep level transient spec- 
troscopy. Japanese Journal of Applied Physics 34 (4R): 1765-1771. 

Nan, C.W. and Clarke, D.R. (1996). Effect of variations in grain size and 

grain boundary barrier heights on the current-voltage characteristics of ZnO 
varistors. Journal of the American Ceramic Society 79 (12): 3185-3192. 
Emtage, P.R. (1979). Statistics and grain size in zinc oxide varistors. Journal of 
Applied Physics 50 (11): 6833-6837. 

Han, S.W., He, J.L., Hwang, H.D., and Kang, H.B. (1997). Microstructure 
characteristics of ZnO varistors simulated by Voronoi network. The Korean 
Journal of Ceramics 3 (4): 239-244. 

He, J., Chen, S., Zeng, R. et al. (2005). Statistic analysis on electrical parame- 
ters of ZnO varistors in low-voltage protection devices. IEEE Transactions on 
Power Delivery 20 (1): 131-137. 

He, J., Zeng, R., Chen, S., and Tu, Y. (2003). Thermal characteristics of high 
voltage whole-solid-insulated polymeric ZnO surge arrester. JEEE Transac- 
tions on Power Delivery 18 (4): 1221-1227. 

He, J.L. (1994). Study on high voltage polymeric housing ZnO surge arresters. 
Doctoral thesis. Beijing China: Tsinghua University. 

Bartkowiak, M., Comber, M.G., and Mahan, G.D. (2001). Influence of nonuni- 
formity of ZnO varistors on their energy absorption capability. IEEE Transac- 
tions on Power Delivery 16 (4): 591-598. 

Chen, Q.H. (2003). Research on ZnO nonlinear resistor with large surge 
energy absorption capability and high voltage gradient. Doctoral thesis. 
Beijing China: Tsinghua University. 

Kingery, W.D. (1976). Introduction to Ceramics, 2e. New York: Wiely. 

Koch, R.E. and Songster, H.J. (1984). Development of a non-fragmenting dis- 
tribution surge arrester. JEEE Transactions on Power Apparatus and Systems 
103 (11): 3342-3352. 

Chen, Q., He, J., Tan, K. et al. (2002). Influence of grain size on distribution 
of temperature and thermal stress in ZnO varistor ceramics. Science in China 
Series E: Technolgical Science 45 (4): 337-347. 

Fritz, D.E. (1988). Polymer distribution arresters replace porcelain. Transmis- 
sion and Distribution 104 (3): 36—40. 

Fujiwara, Y., Shibuya, Y., Imataki, M., and Nitta, T. (1982). Evaluation of 
surge degradation of metal oxide surge arrester. JEEE Transactions on Power 
Apparatus and Systems 101 (4): 2-985. 

Lat, M.V. (1983). Thermal properties of metal oxide surge arresters. IEEE 
Transactions on Power Apparatus and Systems 102 (7): 2194—2202. 

Lat, M.V. (1985). Analytical method for performance prediction of metal 
oxide surge arresters. IEEE Transactions on Power Apparatus and Systems 104 
(10): 2664-2674. 

Han, S.W., He, J.L., and Cho, H.G. (1997). Property and ANN simulating 
model of power losses of ZnO Varistors. Journal of Electrical Engineering and 
Information Science 2 (6): 111-115. 

Pao, Y. (1989). Adaptive Pattern Recognition and Neural Networks. Boston, 
MA: Addison-Wesley Publishing Co., Inc. 


233 


234 


6 Breakdown Mechanism and Energy Absorption Capability of ZnO Varistor 


53 


54 


55 


56 


57 


58 


Bartkowiak, M., Mahan, G.D., Modine, F.A. et al. (1996). Voronoi network 
model of ZnO varistors with different types of grain boundaries. Journal of 
Applied Physics 80 (11): 6516-6522. 

He, J., Hu, J., Tu, Y. et al. (2006). Scattered phenomenon of energy absorption 
capabilities of ZnO varistors. In: 8th International Conference on Properties 
and applications of Dielectric Materials, 335-338. IEEE. 

Olsson, E. and Dunlop, G.L. (1989). Characterization of individual interfa- 
cial barriers in a ZnO varistor material. Journal of Applied Physics 66 (8): 
3666-3675. 

Bartkowiak, M., Comber, M.G., and Mahan, G.D. (1996). Energy handling 
capability of ZnO varistors. Journal of Applied Physics 79 (11): 8629-8633. 
Houabes, M. and Metz, R. (2007). Rare earth oxides effects on both the 
threshold voltage and energy absorption capability of ZnO varistors. Ceramics 
International 33 (7): 1191-1197. 

Karim, A.N.M., Begum, S., and Hashmi, M.S.J. (2010). Performance and 
failure during energy testing of zinc oxide varistor processed from difter- 

ent powder size fraction and passivation thickness. International Journal of 
Mechanical and Materials Engineering 5 (2): 175-181. 


7 


Electrical Degradation of ZnO Varistors 


ZnO varistors can be electrically, chemically, thermally, or mechanically 
degraded during use, leading to the reduction of barrier voltage height and, 
consequently, to the increase in leakage current, which could be catastrophic 
for ZnO varistors. The long-term degradation or short-term pulse degradation 
phenomenon of ZnO varistors, which could lead to deterioration in the electrical 
properties, may eventually give rise to thermal runaway or destruction of the 
varistors. The stabilities of ZnO varistors, including the AC/DC degradation 
and pulse degradation characteristics, are highly concerned with their life spans. 
Therefore, the degradations of ZnO varistors have attracted more attention. In 
this chapter, the phenomena and mechanisms of degradations of ZnO varistors 
are discussed thoroughly, including the variation of electrical properties of 
individual grain boundaries during the degradation process by microcontact 
measurements. The degradation phenomena under the effect of various stresses 
are focused, and the current achievement of investigation on the degradation 
mechanism is presented, aiming at the constitution of a full picture of universal 
electrical degradation mechanism, from the perspective of defects, portraying 
the ion migration process that is related to the degradation of double-Schottky 
barrier (DSB). 


7.1 Introduction 


The degradation, which is also called as aging, of ZnO varistors is defined as the 
variations of its properties and electrical or physical performance parameters, 
i.e. the gradual deviations from the original parameter values, under the effect 
of various applied stresses and external factors [1]. The “stress” is referred 
to the electrical stress or thermal stress. The electrical and thermal stresses 
can include both long-term operating voltage, e.g. DC or AC voltage, and the 
short-duration impulse current, impulse or transient voltage. In addition to 
the degradation caused by the electrical or thermal stress, the degradation 
phenomenon originating from simply mechanical stress was also discussed [2]; 
i.e. the degradation phenomenon can occur when a mechanical stress is applied 
merely (no effect of voltage involves). 

The degradation of ZnO varistors, distinct from the thermal runaway discussed 
in Chapter 6, is a long-term and slowly growing process that ends with the sharp 
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increases of the resistive component of current and power loss, leading to the 
runaway. The degradation process and the thermal runaway share one point in 
common that they are both irreversible processes. After degraded by a long-term 
operation or a high-voltage test, the aggravated resistive current and power loss 
cannot be recovered to their initial values at room temperature even the applied 
voltage is switched oft. However, it is proved by the experiments that the degraded 
varistor bulk can recover its properties to a certain degree if it undergoes an 
appropriate heat treatment. 

Degradation of a ZnO varistor is related to its ingredients, sintering technique, 
voltages applied, and the application environment. There are a lot of discussions 
in the literatures [3-21] to study the degradation phenomena under AC, DC, 
and pulsed electric fields. The traditional techniques for characterizing the 
degradation process of ZnO varistors are concentrated on measuring the param- 
eter variations of the materials [22, 23], rather than determining the inherent 
changes. General explanation of the degradation phenomena can be extracted 
and ascribed to the lowering of DSB height, to which the redistribution of 
charges in the grain boundary region makes great contributions [24]. In the 
past few decades, numerous research studies have been carried out to explain 
the observed degradation phenomena of ZnO varistors, and correspondingly, 
various degradation mechanisms of DSB have been proposed, e.g. electron 
trapping, dipole orientation, ion migration, and oxygen desorption [3, 19, 24], 
important works are listed in Table 7.1 in chronological order. Among these 
mechanisms, ion migration has found comparatively strong support on the basis 
of different circumstantial evidences, e.g. thermally stimulated current (TSC) 
observed in DC-biased electroceramics [3] and the stabilization of DSB by heat 
treatment [19]. 

Several works suggest that varistor degradation is a grain boundary phe- 
nomenon and is the result of ion migration in the depletion layer. Furthermore, 


Table 7.1 Important works on the degradation mechanisms of ZnO varistors. 


Researchers Summarized degradation mechanism 

Gupta and Carlson [19] Migration process of zinc interstitial (the seminal grain 
boundary defect model) 

Eda et al. [3, 18, 25] Ion migration process 

Takahashi et al. [26] Chemical desorption of oxygen ions at the grain boundaries 

Chiang et al. [27] Asymmetrical distribution of impurity ions the in grain 
boundary region 

Sato et al. [3, 28] Electrons captured by traps inside the depletion layer and thus 
accumulated near grain boundary 

Sonder et al. [29] High mobility of oxygen ion at a high temperature and flaws like 
microcracks in the varistor act as conduits for oxygen 

Bui et al. [30] Partial discharges causing the formation of HNO, that degrades 
the Schottky barrier 

Ramirez et al. [31] The loss of oxygen species and B-Bi,O, phase during the 


degradation process 
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the migration ions would be predominantly Zn interstitials (Zn;). Degradation 
would arise as a result of field-assisted diffusion of Zn interstitials in the 
depletion layer followed by a chemical interaction with grain boundary defects 
(a process that would lead to a decrease in the barrier height and an increasing in 
the leakage current). The origin of Zn interstitials can be traced to the nonstoi- 
chiometric nature of ZnO, which upon heating, even in an oxidating atmosphere, 
can form excess Zn donors. They are accommodated at the interstitial sites in 
the lattice and frozen during cooling. The interstitials captured at the depletion 
layer are the most deleterious to varistor stability [32]. 

The lack of direct evidence of ion migration has made it difficult to clarify the 
physical processes that govern the electrical degradation of DSBs. If insights into 
the degradation mechanism of DSBs can be gained, e.g. the dominant mobile 
ion species can be positively identified, specific measurements could be adopted 
to effectively prolong the lifetimes of the devices. However, the elucidation of 
accurate mechanism of DSB is largely impeded by the fact that the ingredients 
doped into varistors during fabrication could profoundly influence its aging 
characteristics, for instance leading to abnormal degradation phenomena and 
determining its degradation rate [33], whereas knowledge from the atomic scale 
is quite limited on the role of element that is individually doped and, worse, on 
the codoping effect. 

The degradation of varistors usually takes the form as a steady increase in the 
leakage current when a varistor is subject to a series of pulse or to a constant 
applied DC or AC voltage [34]. However, the effect of electrical pulse is complex 
and multiaspect. Except from electrical degradation, the transient electromag- 
netic force (results in fracture) and thermal eftect (current localization and local 
joule heating) will also play critical roles. Discussion on these effects is presented 
in Chapter 6, and emphasis in this chapter is paid to the long-term electrical 
degradation mechanism of the grain boundary. 


7.2 Degradation Phenomena of ZnO Varistors 


Under the effect of long-term operating voltage, the degradation phenomena pre- 
sented in the ZnO varistor bulks differ and depend on the distinct voltage types 
applied. The degradation phenomena even show differences in the samples from 
the same batch and the same laboratory, let alone the results reported by dif- 
ferent manufacturers. It has been investigated that the degradation phenomena 
mainly occur in the prebreakdown region of the J-V curve, whereas the degra- 
dation in the breakdown region of the J-V curve is relatively less. Therefore, the 
basic characterization of degradation focusing on the prebreakdown region will 
be introduced as follows. 


7.2.1 Degradation Phenomena of the Varistor Bulk 


The deformation of DSB caused by degradation results in the variation of charac- 
teristic parameters of the varistor bulk that can be measured directly. During the 
degradation process, the J-V (current-voltage) or J-E (current density—electric 
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Figure 7.1 The drift phenomena of the I-V curve after degradation tests. (a) DC voltage; (b) AC 
voltage (Note: a, initial; b, voltage applied for 100 seconds; c, voltage applied for 10 hours; d, 
voltage applied for 500 hours). Source: Adapted from Eda et al. [3]. 


field) characteristics of ZnO varistors may drift nonlinearly. Typical experimental 
results are shown in Figure 7.1 [3] and Figure 7.2 [34]. Under the applied DC 
voltage, the J-V curve deforms asymmetrically [3, 34], and the current flowing 
through the specimen increases. Conversely, when AC voltage is applied, the Z-V 
curve deforms symmetrically. Except for this asymmetrical deformation, the vari- 
ational trend of AC case is quite similar to the DC case. Moreover, test results 
also indicate that no matter DC or AC voltage is applied, the J-V characteristics 
in the prebreakdown region under a low electric field drift more severely after 
degradation test than the case involving the breakdown region under a medium 
electric field. 

With the variation of V-I characteristics of ZnO varistors, a companioning 
phenomenon is the increase in power loss and leakage current. After the degra- 
dation test of the ZnO varistor, as shown in Figure 7.3 [35], the power loss obvi- 
ously increases, i.e. the characteristic curve of power loss versus voltage deforms 
and drifts leftward after the degradation test. This indicates that the degradation 
phenomenon with a power loss gradually increasing exists in the ZnO varistor. 
Usually, the accelerated aging test is used to test the aging characteristics of ZnO 
varistors, which is performed at 135 °C with 0.85U ma for continuously 100 hours 
according to the IEC standard (IEC-60099-4), where U; ma is the applied voltage 
at 1 mA of the applied voltage ratio. 

However, exceptions do exist in the accelerated aging test results, i.e. the curve 
of power loss versus voltage may drift rightward. This abnormal phenomenon was 
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reported by various literatures [36, 37], indicating the complexity of degradation 
in ZnO varistors under the effect of long-term operation voltage. Corresponding 
to the increase in the power loss after degradation test, the resistive component of 
current increases. When an AC voltage is applied, although the magnitude of the 
resistive component of leakage current through ZnO varistors, which is the main 
factor to degrade the ZnO varistor, is relatively small compared to the capacitive 
one, it may gradually increase with the power loss aggravated. 

Figure 7.4 presents the typical curves of the increase in leakage current through 
ZnO varistors after various degradation tests (AC or DC) under different applied 
voltage ratios q [35], which is defined as the ratio of the maximum value U nax 
of the applied voltage divided by the 1 mA DC voltage Uima of the tested ZnO 
varistors. Another phenomenon is the gradual decrease in the global resistivity 
in the prebreakdown region of the varistor bulk, as shown in Figure 7.5 [3]. 

After the degradation test, the dielectric constant and dielectric loss of ZnO 
varistors also vary, and the change in the value of dielectric constant directly leads 
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to the change of capacitance of the varistor bulk, as shown in Figure 7.6 [3], i.e. 
the capacitance of the varistor after degradation test decreases compared to the 
initial value. 

Figure 7.6 also presents the variational curve of dielectric loss of ZnO varistors 
with frequency [3], which indicates that the dielectric loss in the range of the 
frequency below 1 MHz increases compared to the one before degradation. 

As stated before, the leakage current increases as the degradation time 
increases. If the applied voltage is removed, it is found that a reverse electromo- 
tive force exists, which is in the reverse direction of the applied voltage. The trap 
levels can capture electrons in the band gaps of the ZnO varistor bulk. When an 
external electric field is applied, electrons are injected into the conduction band 
from negative electrode, and these electrons will be captured by traps. When the 
captured electrons are provided with a sufficient energy, they will be released 
from the traps and excited to the conduction band once again. The electrons in 
the conduction band will migrate along the electric field direction within the 
ZnO varistor and form a current through the external circuit, which is the TSC 


1200 
1000 } a 
c 
b 
T 800} 
= e 
Q 
= 600 e 
S L 
5 b 
oO 
a 
& 400 
200 


Capacitance 


-e-—-e-e_ 


Te ee et ery} 


7.2 Degradation Phenomena of ZnO Varistors 


Dielectric loss (%) 


Log(frequency) (Hz) 


Figure 7.6 Variation of capacitance and dielectric loss of varistor before and after degradation. 
a, initial; b, after DC biasing; c, after AC biasing. Source: Adapted from Eda et al. [3]. 


Figure 7.7 The variation of 
the thermal stimulating 
current (TSC) of ZnO varistor 
bulk after degradation [3]. 
Broken line: TSC in the 
sample with heat treatment; 
dotted line: TSC in the 
nitrogen atmosphere. 
Source: Eda et al. 1980 [3]. 
Reproduced with 
permission of AIP. 
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caused by the trapped electrons (holes) [3, 11, 21, 38]. As shown in Figure 7.7 
[3], the TSC increases after degradation, and the temperature corresponding to 
the current peak slightly increases. 

Integrating the TSC curve to time, the respective ion charge Qj will be 
obtained, which is the total charge of the migrating ions thermally stimulated 
during the heating process. As shown in Figure 7.8 [3], the ion charge Qrsc 
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increases with the degradation time t. which is actually in proportion to t”, n 
is estimated as 0.5. The process producing TSC can be regarded as the reverse 
process of the degradation of the ZnO varistor by the DC voltage. TSC is caused 
by ion movement, so the degradation process can be regarded as ion migration. 


7.2.2 Degradation of Grain Boundary 


It is expected that the degradation characteristic of the ZnO varistor bulk is 
the synthetical effect of millions of individual grain boundaries with different 
degradation rates in a complicated network, so the property of ZnO varistors 
largely relies on the degradation characteristics of individual grain boundaries. 
This has been facilitated by techniques for measuring the performance of indi- 
vidual grain boundaries. According to the variation trend of the leakage current 
in the prebreakdown region, the degradation characteristics of individual grain 
boundaries can be distinguished and classified into two categories: monotonic 
and nonmonotonic. Monotonic aging process means that the leakage current of 
a single-grain boundary monotonously degraded at different aging stages. On 
the contrary, nonmonotonic aging process means that the leakage currents of 
multiple-grain boundaries could be recovered during the aging process [33, 37]. 

A typical monotonic aging process in the J-V characteristic of a single-grain 
boundary, measured by the microcontact technique [33], is shown in Figure 7.9a. 
The breakdown voltage of this grain boundary is around 3 V. The prebreakdown 
region and the breakdown region of the J-V characteristic curve gradually 
and monotonously move toward the direction where the current increases. 
The leakage current gradually increases, whereas the nonlinear coefficient 
decreases, when the aging time increases. Meanwhile, the width of the nonlinear 
breakdown region is significantly reduced after degradation. Such an aging 
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Figure 7.9 Nonuniform aging behavior of individual grain boundaries. (a) Monotonic aging 
process and (b) nonmonotonic aging behavior of individual boundary. Source: He et al. 2011 
[33]. Reproduced with permission of Elsevier. 


phenomenon of the grain boundary is common and expected. Moreover, a 
typical nonmonotonic aging process in the J-V characteristics of individual 
grain boundaries is shown in Figure 7.9b [33], whose breakdown voltage is also 
around 3V. As there is a recovery phenomenon in the prebreakdown region 
of the J-V curves at an early stage of degradation, this aging process differs 
obviously from that shown in Figure 7.9a. However, this aging process tends to 
deteriorate the electrical properties of the varistor eventually. The origin of such 
a nonuniform aging behavior will be discussed in Section 7.3. 

The electrical properties of individual grain boundaries include the breakdown 
voltage, nonlinear coefficient, and leakage current. As the breakdown voltage 
after different degradation times basically remains constant in the degradation 
process, the nonlinear coefticient and the leakage current are our primary param- 
eters. The nonlinear coefficients of 25 individual grain boundaries after different 
degradation durations are summarized in Figure 7.10a [33]. The initial nonlinear 
coefticients of these grain boundaries are mainly located in the range from 25 to 
40 and exhibit a nonuniform variation; after the sample is degraded for 48 hours, 
the nonlinear coefficient of the individual grain boundaries are mainly distributed 
in the range from 5 to 10. As the degradation time increases, the nonlinear coef- 
ficients of most grain boundaries gradually decrease. However, the decline in the 
degrees of different grain boundaries is greatly different. 

As shown in Figure 7.10b [33], the leakage currents of single grain boundaries 
before degradation test change in the range from 0.1 to 1 pA. As the degradation 
test time increases, different grain boundaries show different degradation pro- 
cesses, and the leakage currents of several grain boundaries exceed 1 mA after 
subjected to the voltage stress of 48 hours, which is relatively large. Meanwhile, 
the corresponding nonlinear coefficient is very small, which means that the grain 
boundary becomes kind of “inactive” and has a higher conductivity. In other 
words, these grain boundaries show lower nonlinearity. Of the 25 investigated 
single grain boundaries, 16 exhibit the monotonic degradation behavior, whereas 
the rest of them are nonmonotonic. This directly reveals that the leakage currents 
of grain boundaries increase in the degradation process. 
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Figure 7.10 The variation of nonlinear coefficient (a) and leakage current (b) of 25 grain 
boundaries at different degradation times. Source: He et al. 2011 [33]. Reproduced with 
permission of Elsevier. 


The degradation rate coefticient Ky of single grain boundaries was estimated 
by the empirical equation as follows [33]: 


Ff, =Tigt S (7.1) 


where J; is the initial leakage current, J is the leakage current after stress, and 
t is the degradation time. Owing to the nonuniform degradation process of indi- 
vidual grain boundaries, the degradation rates of different grain boundaries are 
consequently nonuniform and range vastly. 

As the V-Z characteristics of the ZnO varistor bulk is the collection of 
responses of all the grain boundaries, the statistical behavior of grain bound- 
aries are meaningful in analyzing the degradation characteristics. Liu et al. 
analyzed the statistical AC [39] and pulse [40] degradation characteristics of 
hundreds of individual grain boundaries based on a microcontact measurement 
method. Exemplified by the AC degradation situation [39] (see Figure 7.11 [39]), 
during the degradation process, the nonlinear coefticients of grain boundaries 
become more concentrated in the lower value region, which indicates that the 
nonlinearity of the grain boundary is reduced. The distribution of breakdown 
voltage obviously presents two peaks, i.e. P1 (2-5V) and P2 (5-8V). The 
second peak of the voltage is roughly two times larger in amplitude compared 
to the first one, indicating that P2 is caused by the neighboring effect of the 
microcontact method (corresponding to two grain boundaries between the 
adjacent electrodes) [39]. Therefore, the breakdown voltage of most single-grain 
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Figure 7.11 Statistics on (a) nonlinear coefficient, (b) breakdown voltage V,,, and (c) leakage 
current |, of 100 individual grain boundaries during the AC degradation process. Source: Liu 
et al. 2011 [39]. Reproduced with permission of Elsevier. 


boundaries (active boundaries) is around 3.2 V regardless of degradation. It is 
also found that the number of grain boundaries with a breakdown voltage less 
than 2 V (inactive boundary) increases as the aging time increases. Moreover, 
the leakage current of the grain boundaries continuously increases during the 
aging test. 

The degradation characteristics of single-grain boundaries indicate that the his- 
tograms of nonlinear coefticients become more concentrated in the lower region 
and the distribution of leakage currents shifts toward larger currents during the 
degradation process. The breakdown voltages of single-grain boundaries, which 
still exhibit nonlinearity, are not obviously changed. However, there are more 
grain boundaries with a lower breakdown voltage less than 2 V after degradation. 


7.2.3 Pulse Degradation Characteristics 


Under pulse voltage, the ZnO varistor has a similar degradation phenomenon of 
AC or DC degradation, which will not be described again. The pulse electroacous- 
tic (PEA) was applied to characterize the aged performances of ZnO varistors 
[38]; the experimental results show that the trap level and the trap charge increase 
as the degradation time or the impulse current increases, but the impulse current 
plays a more important role in the pulse degradation process of ZnO varistors. 
The TSC results show that ion migration happens during the pulse degradation 
process of ZnO varistors, which is accounts for the drift of the V—J character- 
istic curves. The pulse degradation of ZnO varistors is the consequence of ion 
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2.4 Figure 7.12 The J-E curves of 
ZnO varistor bulk before and 
after pulse stress. Source: Liu 

et al. 2010 [40]. Reproduced with 
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migration and thermal aging. The space charge characteristics of ZnO varistors 
may provide a new view to study the pulse degradation principle of ZnO varistors. 

The ZnO varistor bulk was degraded under an 8/20 us pulse current stress 
whose current density is 800 Acm~, for 800 times. The J-E characteristics of 
this bulk sample before and after pulse stresses show an obvious degradation 
phenomenon as given in Figure 7.12 [40]. The electrical properties, including 
the nonlinear coefficient a, the breakdown voltage V;,, and the leakage current 
I,, were derived from the J-V curves of individual grain boundaries of the ZnO 
varistors. 

By randomly measuring 100 individual grain boundaries, the distributions on 
the electrical properties for the degraded and nondegraded samples are shown 
in Figure 7.13 [40]. The histograms of the electrical properties of different grain 
boundaries reflect the heterogeneity of the microstructure in ZnO varistors. 
After pulse degradation, the similar conclusions are obtained. The electrical 
properties of the single-grain boundary in ZnO varistors deteriorate after sub- 
jected to the pulse current stress. The number of grain boundaries with a high 
nonlinearity and a low leakage current decrease because of the deformation of 
the barriers, whereas the breakdown voltage does not exhibit an obvious change. 
The distribution of the nonlinear coefficient becomes more concentrated in a low 
nonlinear coefficient region for a pulse-degraded sample than a nondegraded 
sample. Several linear grain boundaries appear because of the vanishment of 
DSB after the pulse current stress test. 

The histograms of the breakdown voltage Vp exhibit two obvious local peaks as 
shown in Figure 7.13b [40], both peaks correspond with single- or double-grain 
boundaries between the adjacent electrodes. The results reveal that the break- 
down voltage of the single-grain boundary does not change a lot for the two 
samples. However, the number of grain boundaries with a breakdown voltage less 
than 2 V increases for degraded samples, which means that some grain bound- 
aries become inactive and do not exhibit nonlinearity any more. Gaussian distri- 
bution is used to fit the distribution of the leakage current. After degradation, the 
distribution peak of the nondegraded sample moves right to P3, and the peak cen- 
ters for the nondegraded and degraded samples are located at —6.28 and —5.66, 
respectively. 
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Figure 7.13 The histograms of nonlinear coefficient (a), breakdown voltage (b), and leakage 
current (c) of 100 grain junctions of nondegraded and degraded ZnO varistor samples. Source: 
Liu et al. 2010 [40]. Reproduced with permission of John Wiley & Sons. 


The shift of the peak center means that the leakage currents of most grain 
boundaries increase after the pulse current stress. In light of the conduction 
mechanism of ZnO varistors, the current flow through the varistor is determined 
by [25] 


I= I exp (5) (7.2) 


where £ is the Boltzmann constant, #, is the DSB height, and T is the absolute 
temperature. According to Eq. (7.2), the decrease in barrier height due to pulse 
current leads to the increase in leakage current of an individual grain boundary. 


7.2.4 Topographic Information for Degradation Analysis 


The barrier voltage of ZnO-doped varistors can be electrically, chemically, and 
thermally degraded during use, leading to the reduction of barrier voltage height 
and, consequently, to the increase in leakage current, which could be catastrophic 
for ZnO varistors. Ramirez et al. [22] used electrostatic force microscopy (EFM) 
to analyze the surface charge accumulated at the grain boundary regions before 
and after degradation. The topographic information was stored with a selectable 
height offset in the EFM mode, during which the electric field data were col- 
lected simultaneously. The conductive tip (PtIr coating) was subjected to a range 
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Figure 7.14 (a) AFM topographic image of the ZnO-based system before electrical 
degradation. Series of EFM images without applied voltage (b), with applied voltage of 1 V (c), 
and 2 V (d). In figure (d), arrows indicate active potential barriers. Source: Ramirez et al. 2013. 
[22]. Reproduced with permission of John Wiley & Sons. 


of voltages from 0 to 2 V to increase the image contrast, and the EFM scan was 
performed at a lift height of 50 nm. 

For their prepared ZnO varistor samples, Figure 7.14 shows the EFM images 
with voltage steps from 0 and 2V applied to the tip [22]. The bright grain 
regions are more resistive compared with the dark grain regions, and the elec- 
trical responses of some grain boundaries are predominantly insulating. From 
Figure 7.14b—d, a clear change in the electrical behavior depending on the bias 
applied becomes evident, indicating that the potential barrier formed in some of 
the grain boundaries are of Schottky type as marked by arrows in Figure 7.14d 
[22]. Before the degradation process, 30% of the barriers are active, but the ratio 
showed changes in the electrical behavior when degraded with pulses. 

As shown in Figure 7.15 [22], after electrical degradation with a DC voltage 
at 110°C (thermal runaway temperature), a significant decrease in the number 
of effective barriers to 5% is observed. There is also a decrease in the barrier 
height. In addition to influencing the grain boundaries by eliminating much of the 
effective barriers and reducing the barrier efficiency, the degradation process also 
affects the electrical response of the grains as discussed before. After degradation 
with 8/20 us pulsed currents, the statistical analysis determines that only 1% of 
the interfaces is effective. The image contrast between dark and bright grains in 
the EFM image is very low compared with the original sample, indicating more 
conductive grains with lack of the nonohmic behavior. 
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Figure 7.15 (a) AFM topographic images of the ZnO-based varistor after electrical 
degradation with DC voltage at 110°C. A series of EFM images without applied voltage (b), 
with applied voltage of 1 V (c), and 2 V (d). In (d), arrows indicate active potential barriers. 
Source: Ramirez et al. 2013. [22]. Reproduced with permission of John Wiley & Sons. 


7.3 Migration lons for the Degradation of ZnO Varistors 


The lowering of DSB height, i.e. the deformation of DSB, has been considered as 
the only reason for the increase in leakage current. Here, we focus on the degra- 
dation phenomena under the effect of various stresses and present a full picture 
of the universal electrical degradation mechanism of grain boundaries, from the 
perspective of defects, portraying the ion migration process that is related to the 
degradation of DSB. The main content of this section can be found in [41]. 


7.3.1 Grain Boundary Defect Model 


It can be derived by using Poisson’s equation to describe the DSB that the 
potential barrier height ¢, is proportional to N?/N, [34], where N; is the 
interfacial state density and Nj is the donor concentration inside the depletion 
layer. This indicates that the degradation phenomenon of DSB, i.e. the lowering 
of barrier height, can be caused by either the decrease in interfacial states or 
the increase in donor density. As Blatter and Greuter’s conduction model with 
the assumption of infinitely thin grain boundary [42] fails to explain the asym- 
metrical DC aging behavior of I-V characteristics, Gupta and Carlson in 1985 
[19] proposed their seminal grain boundary defect model, aimed at revealing the 
foundation of DSB and the instability of the ZnO varistor. This widely recognized 
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Figure 7.16 Extended Gupta and Carlson’s grain boundary defect model with external DC 
voltage biased, where ¢,, (X: L, left side, R, right side) is the Schottky barrier height, Ecx 
represents the conduction band minimum, E,, denotes the Fermi energy level, and Eyy stands 
for the valence band maximum [41]. The symbols @ and © represent the positive and 
negative metastable defect ions, respectively, which are distributed in the grains and grain 
boundaries. Source: He et al. 2016 [41]. Reproduced with permission of AIP. 


model (as seen in Figure 7.16 [41]), which could well explain the experimentally 
observed degradation phenomena, relies on the basic presumption that an 
intergranular layer with certain width exists, which separates the two Schottky 
barriers, and that the depletion layers contain two types of defect species, i.e. 
one is the spatially fixed positively charged ions and the other is the metastable 
positively charged ions, which can be perturbed by the external electrical field 
and become mobile. In their predictions, the zinc interstitial (Zn;) is considered 
as the dominant metastable (mobile) ion that could migrate to interface and 
neutralize with the negatively charged interfacial states (e.g. Vz,,), responsible 
for the degradation phenomena of DSB. It should be further noted in Gupta 
and Carlson’s original article that only the negative interfacial states that are 
spatially immobile (as shown in Figure 7.16) are considered. When an external 
DC electrical stress is applied, the reverse-biased barrier withstands most part of 
the voltage, and mobile ions in the reverse-biased region have a higher statistical 
probability of transiting and migrating to the grain boundary, compared to the 
ones in the forward-biased depletion layer [43], hence the prominent defor- 
mation of reverse-biased Schottky barrier. A detailed defect reaction formula 
portraying the degradation process of DSB and the stabilization of potential 
barrier by heat treatment is directed to Ref. [19], and the extension of discussion 
to AC electrical degradation of DSB is straightforward. 

To further explain certain abnormal degradation phenomena that are occa- 
sionally observed in the experiments, e.g. a nonmonotonic degradation behavior 
of DSB [33, 37] such as the increment of forward-biased barrier at an early stage 
of degradation [37], the extended Gupta and Carlson’s model [23, 44, 45] should 
be inevitably mentioned here, where the role of intergranular phases are taken 
into consideration additionally. Such an extended model centers on the charged 
particles (as shown in Figure 7.16) inside the intergranular layer, i.e. the charged 
particles can also be activated, in addition to the metastable ions in depletion 
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layers, and move along/against the direction of electrical field, thus participating 
in the degradation process. Moreover, the effect of the intergranular phases 
largely depends on the recipe of the additives because such abnormal degradation 
phenomena do not necessarily occur in every degradation experiment. 


7.3.2 Experimental Proof of lon Migration 


The migration and neutralization of charged defect ions during the electri- 
cal degradation process of DSB are observed [43], offering the possibility to 
experimentally access the predicted defect migration behavior that causes the 
degradation phenomena of DSB and providing a solid foundation to validate 
the theoretical aging model by Gupta and Carlson [19]. This is achieved by 
combining the nondestructive quantitative profiling technique for charged 
ion distribution, i.e. the PEA method [46, 47], with artificially fabricated ZnO 
quasi-bicrystal [43, 48] of excellent electrical nonlinearity, which imitates an 
individual grain boundary inside the varistors. 

The PEA method has been widely used over the past few decades to quantita- 
tively detect the spatial distribution of charged ions inside the materials [46, 49]. 
This sensitive method is of high resolution [50], with its basic principles found 
elsewhere [46, 50, 51]. The amplitude of the measurement results is proportional 
to the density of charge, with its polarity straightforward denoting the polar- 
ity of charge, and the delay is related to the position of charge. Moreover, ZnO 
quasi-bicrystals, in which a uniformly thin dopant layer is sandwiched between 
two ZnO single crystals of specific orientation, are adopted. Because of that, 
the distribution of charged ions in the bicrystals is believed to only vary in the 
through-thickness direction [43], i.e. one-dimensional distribution, which is the 
prerequisite for performing the PEA test [46, 47, 49]. In the quasi-bicrystal sam- 
ples, the intergranular layer contains Bi, Mn, and Co elements for acquiring excel- 
lent electrical nonlinearity (fabrication procedures of quasi-bicrystal are directed 
to Ref. [45]). 

Quasi-bicrystal samples are continuously aged under a stabilized DC bias, 
and after each 10-minute period, the PEA measurement is carried out [45]. 
Typical measurements of the ion distribution in the DSB region are shown 
in Figure 7.17 [45]. The two positive parts of each curve (above 0nC cm~?) 
depict the distribution of the positively charged ions in the depletion layers. The 
negative part describes both the negatively charged interfacial states and the 
intergranular phases. Generally, the defect energy levels at the grain boundary 
interfaces are largely responsible for the electrical properties of ZnO varistors 
[52]; the intergranular phases in the grain boundary are neglected. Figure 7.17a,b 
shows that during the degradation process, the positive amplitude of the curve 
on the right side decreased continuously, whereas that on the left side only 
decreased slightly. This indicates the lowering of the reverse-biased Schottky 
barrier. Furthermore, along with the decrease in the value of interfacial state 
density, the geometric center of the negative part of the curve moved to the left, 
i.e. the magnitude of the right half of the negative curve is reduced significantly, 
whereas, on the contrary, that of the left side remained almost unchanged. This 
can be interpreted as an asymmetrical reduction in the donor concentration in 
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Figure 7.17 Variation with the time of the spatial distribution of charged ions in the DSB 
region during the degradation process. The grain boundary region in a quasi-bicrystal is 
located at the zero point on the horizontal axis. (a) and (b) are conventional quasi-bicrystal 
samples under degradation. (c) A quasi-bicrystal sample treated by aerobic oxidation for the 
elimination of mobile ions responsible for the degradation of DSB. For each sample, the time 
indicated is the respective aging time under a stabilized DC bias of +3 V at 320K, and the 
positive electrode is placed at the right side of the DSB region such that mobile ions in the 
depletion layer of reverse-biased Schottky barrier seem likely to be activated and migrate to 
the grain boundary. Source: Cheng 2014 et al. [45]. Reproduced with permission of AIP. 


the two depletion layers (neutralized with negative interface states). The above 
results indicate that the migration and neutralization of the charged ions mainly 
occurred in the reverse-biased Schottky barrier region in a quasi-bicrystal. 
This is in accordance with Gupta and Carlson’s theoretical predictions [19]. By 
comparing Figure 7.17a,b for the reverse-biased barriers with different heights, 
their rates of aging are different, i.e. grain boundaries with higher reverse-biased 
barriers seems to be more resistive to electrical degradation. 

As Zn;?* is suggested as the optimum candidate [19, 43, 53, 54] for the 
mobile ions responsible for the degradation of DSB in ZnO varistors, ZnO 
quasi-bicrystals undergo an additional brief aerobic oxidation (for six hours) at 
600°C to eliminate the zinc interstitial defects [55] (related chemical reactions 
are detailed elsewhere [19]), on which PEA measurements are also performed. 
It is found that even after a long-term degradation of 50 hours, the spatial ion 
distribution is almost invariant with time, as shown in Figure 7.17c, proving the 
thorough elimination of metastable Zn; ions. 


7.3.3 Identification of Dominant Mobile lons 


As discussed above, the defect foundation for the generation of acceptor-like 
interfacial states has been revealed, whereas the accurate species of dominant 
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donor species are still controversial and have not been positively identified 
yet. During the past few decades, it is believed by researchers and engineers 
working on ZnO varistors that Zn; and Vo are the possible candidates for mobile 
donor defects responsible for the degradation phenomenon. This assumption is 
strongly supported by numerous experimental observations of dielectric relax- 
ation peaks with activation energies as 0.05 and 0.20 eV that correspond to the 
thermal transitional levels of defects, using techniques like broadband dielectric 
spectroscopy and deep-level transient spectroscopy [43, 54, 56-59]. However, 
recent atomic-scale investigations focused on point defects in ZnO materials 
that use first-principles calculation methods have been brought to attention 
refreshed and distinct insights into the properties of defects. Even though 
various researches carried out by different groups could show certain disparities 
in predicting the characteristics of native defects inside the periodic structure 
ZnO system [60-72], owing to employing different exchange-correlation 
approximations, numbers of k-point sampling for Brillouin zone integration, 
supercell sizes, corrections for spurious defect interactions, and so forth, 
meaningful and significant conclusions can still be extracted for native donor 
defect: (i) Vo is the lowest energy donor defect, which means it can be generated 
in large concentrations, whereas it is surprisingly a deep donor, i.e. its (2+/0) 
transitional level lies ~1 eV below the conduction band minimum (CBM) and 
Vo at 1+ charge state is unstable; (ii) the formation energy of shallow-donor 
zinc interstitial Zn, is higher compared to oxygen vacancy Vo, and its thermal 
dynamic (1+/0) and (2+/1+) transitional levels are predicted as 0.05 and 0.16 eV 
below the CBM by Vidya et al. [62], and as ~0.05 and ~0.1 eV by Oba et al. [64]; 
(iii) the antisite donor defect like Zng is much higher in energy. The occurrence 
and stabilization of Zn, is quite controversial because of the calculated formation 
energy of a relatively high value, and its low migration energy barrier ~0.5 eV 
[67], which indicates that Zn, becomes mobile even at a low temperature. It 
should be noted here that precise calculations for Zn; may be impeded by its 
shallow-donor characteristics, ie. the wavefunction is delocalized, and by the 
fact that no effective measure exists that is guaranteed to well correct the image 
defect interactions for shallow-donor defect if supercell size-based extrapolation 
procedures are not strictly included. More first-principles calculations have 
suggested that the formation energy of native defects (especially Zn;) can 
be significantly reduce when undoped grain boundary exists because of the 
interactions between the defects and the boundary [73], and if captured by 
other point defect or impurity defect to form the complex defect, the formation 
energy of Zn; can be further lowered [62, 74]. Hence, it is argued here that the 
accumulation of native donors in the depletion layers is believed to be facilitated 
by the Bi- or Pr-doped grain boundary and by forming certain complex donor 
defects, and then the remaining issue is how to identify the dominant mobile 
donor ions based on the long-term aging simulation method described below. 
To gain an insight into the degradation process and to determine the species 
that is most likely to be the mobile ion, a long-term aging simulation method was 
performed. Such a long-term aging simulation aimed at portraying the migra- 
tion process of mobile donor ions and their neutralization with interfacial accep- 
tor states. Various kinds of defect ions were considered, and simulated aging 
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characteristics were compared with experimental aging data of quasi-bicrystal 
[75, 76] to identify the dominant mobile species. 

According to the Boltzmann statistics, AP, the net migrating rate of defect ions 
along the direction of the applied electric field, is [76] 


AP= 2 exp(—U,/kT)[exp(+AU/kT) — exp(-AU/KT)] (7.3) 


Based on Eq. (7.3), the migration velocity of ions can be obtained [76]. Basically, 
this value could estimate the difficulty and possibility of migration for various 
defect ions. Using the Blatter and Greuter’s model [42, 76], the Schottky barrier 
(x, t) and further the distribution of electric field E(x, t) in the DSB region can be 
calculated by confining Poisson's equation with boundary conditions [76]. Then, 
advection equation, which is frequently used for the characterization of diffusion 
process, is utilized to characterize the migration process: 


Op(x, t) a O[ p(x, t) - v(x, £)] =0 
ot Ox 

The part of ions migrating to and entering the interface would neutralize the 
negative interfacial states. More details of this simulation method are directed to 
Ref. [76] because of the length limit of this book. 

In the simulation, three different kinds of native donor defects are considered 
as potential mobile ions: the Vo of a neutral charge state (VX or VQ), Zn; in 
a 1+ charge state (Zn), and Zn;* from a complex defect (vg - Zn;*), which 
are selected because they are more stable or energetically easier to be generated 
[62-64, 66, 67, 74] when compared to other charge states. As the Fermi level is 
generally accepted to lie 0.067 eV below the CBM in the grain boundary region 
[42] of the ZnO varistor, the individual Zn; in the 1+ state is favored because, for 
instance, the (1+/0) and (2+/1+) transition levels are located at 0.05 and 0.16 eV, 
respectively, below the CBM in Zn-rich n-type ZnO as suggested by Vidya et al. 
[62], whereas the Vg is neutral simultaneously [62, 64]. Specifically, the proposal 
by Kim and Park [74] was adopted in favor of the novel interaction between 
component point defects inside the complex donor (We - Zn?*) [62, 74], i.e. the 
strong attractive interaction between V0, and Zn?* caused by quantum mechan- 
ical hybridization significantly lowers the formation enthalpy of the V}, — Zn?* 
pairs, which makes it possible for Zn?* to be generated in large quantities in 
the DSB region. Even though the V2, owns the lowest formation energy among 
various individual donor defects [62—64, 66, 67], it must be excluded before sim- 
ulation because of its deep-donor nature in the n-type ZnO (i.e. make no contri- 
bution to the degradation of DSB). 

The comparison of simulated results with the experimental ones is presented 
in Figure 7.18 [76]. The Zn* defect has a low migration barrier (experimental 
value of 0.55 eV) [67] and the simulated curves of four different distribution 
functions overlap. The Schottky barrier on the foundation of Zn} collapses 
promptly (shown as the simulated vertical dashed line in Figure 7.18), which 
is consistent with its “fast diffuser” nature even at low temperatures. When 
it comes to the V} — Zn?* defect, Zn?* from the complex is subject to more 
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Figure 7.18 Long-term aging simulation of ZnO bicrystal suggesting v3 -= ži: Zn}* as the 
dominant mobile ion resulting in the degradation of DSB. Four hypothetical kinds of charged 
donor distributions (step, ramp, quadratic, and exponential functions) are employed. Source: 
He 2015 [76]. Reproduced with permission of Elsevier. 


restriction from the binding energy, which, together with the migration barrier, 
determines the migration behavior of Zn?*. Among the four displayed situations 
of various depletion ion distributions, the experimental results lie close to the 
exponential ones and are enveloped by simulated curves. Given all that, it is 
suggested that Zn?* from the complex defect is the optimum candidate for 
the mobile ions. This suggestion has been further verified by the PEA mea- 
surement on the aerobic—oxidation-treated quasi-bicrystal [43], as discussed 
previously. 

The long-term aging simulation method has implicitly included the thermal 
sensitivity of degradation as portrayed by Eq. (7.2), where the vibration frequency 
Yo generally lies in the range between 10! and 10" vibrations per second, and the 
temperature T inside the exponential term has a great impact for determining 
the value of AP. In addition, the above discussion does not argue that VO — Zn;* 
is the only possible solution to the degradation phenomena, whereas the critical 
point is that the simulation method in combination with experimental aging data 
predicts an estimated migration barrier for potential mobile ions as ~1.0—-1.2 eV. 
With the development of first-principles methods, e.g. the linear scaling density 
functional theory method [77], a larger and more sophisticated system can be 
considered, and possible complex defects including Zn; (X — Zn,) may be simu- 
lated and proposed in the near future. The indispensable component as Zn, in 
the complex defect is the resultant compromise of the observed thermal transi- 
tional level (~0.05 and 0.2 eV) and the low migration barrier of the individual Zn, 
defect. The predicted 1.0-1.2 eV migration barrier can act as the touchstone for 
potential mobile ion species [76]. 
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7.3.4 Three-Dimensional Extension 


For extending the above discussion to a three-dimensional structure of varistors, 
it should be noticed that the degradation phenomena of quasi-bicrystal is more 
prominent compared to that of the polycrystalline ZnO varistors. This is because 
the external electric field applied is perpendicular to the grain boundary plane 
of the ZnO quasi-bicrystal and parallel to the average migrating path of mobile 
ions in the depletion layer, whereas the actual grain boundary structure in the 
ZnO varistors is the three-dimensional winding network such that the electric 
field can be screened to a certain extent. 

As for Bi-doped ZnO varistors, polymorphs of Bi O; (e.g. a-Bi,O, and 6-Bi,O;) 
may form at the triple junctions [78]. The occurrence and stabilization of Bi,O, 
of certain phase is closely related to other elements codoped [79] and depends 
on process conditions like annealing treatment [34]. It is known that 6-Bi,O, 
is a faster oxygen-ion conductor, and the B phase is much more oxygen con- 
ductive than the y phase [37], which could lead to the speculation concerning 
its role as stabilizing/destabilizing the ZnO varistor. Recently, Takada et al. [80] 
have investigated the two types of Bi,O, deposits (sheet-like and spot-like, as 
seen in Figure 7.19) on fractured surface of ZnO grains using back-scattered elec- 
tron (BSE) mode in scanning electron spectroscopy. The preference for a certain 
type of deposit relates to the formulation, sintering temperature, and surface-free 
energy (surface tension); for instance, when the sample was annealed at 700 °C, a 
compound of Bi and excess Zn formed a uniform thin deposit or moved to triple 
points. The increase in the surface area of the ZnO grains by the sheet-like deposit 
of Bi,O, contributes to the resistance to electrical degradation, as this deposit 
hinders the movement of oxide ions or Zn** ions across the grain boundaries 
under an applied voltage [80]. 

Actually, investigation on Bi,O, of various phases is a subject with broad 
interest for its wide applications [81], e.g. Bi,O, doped with potassium exhibits 
superconductivity, and hence, we cannot drop conclusion on its precise effect 
on DSB degradation until more atomic-scale investigations are presented, which 
currently lack because of the difficulties in the theoretical modeling of the 
corresponding systems that are also computationally demanding. Fortunately, 
some excellent review papers [34, 37] have provided discussions, although 
insufficient, on the role of Bi,O,, which could help for a better understanding. 


Figure 7.19 Compositional images using 
BSE on fractured surface of ZnO grains. 
Source: Takada et al. 2012 [80]. 
Reproduced with permission of Springer. 


7.4 Degradation Mechanism of ZnO Varistors | 257 


Figure 7.20 Migration of oxygen defects during the 
degradation process. Source: Adapted from Eda [37]. 


Electrical field 


When an electrical stress is applied, the mobile ions inside the depletion 
layer may migrate to the grain boundary, as stated previously. Furthermore, the 
oxygen-related defects may also act as an important role during the degradation 
process of ZnO varistors. Exemplified by Bi-doped electroceramics, the O; 
defect may be activated and get released from the complex defect and migrate 
along the grain boundary (as shown in Figure 7.20 [37]). This will, as discussed 
previously, inevitably decrease the density of the complex defect at the grain 
boundary region and thus deteriorate the acceptor-like interfacial states, thus 
destabilizing and lowering the Schottky barrier. Such a oxygen desorption and 
barrier degradation process can be mainly ascribed to two reasons, the effect 
of electrical stress and the gradient of oxygen defect concentration at the grain 
boundary region [37]. 


7.4 Degradation Mechanism of ZnO Varistors 


The important feature of degradation is the rising of the resistive component of 
the leakage current through the ZnO varistors. Under a certain electrical field 
and an ambient temperature, the lowering of DSB height, i.e. the deformation of 
DSB, can be considered as the only reason for the increase in resistive current. 

The capacitance of the ZnO varistor is composed of the capacitance of the 
grain boundary layer and the one originated from the concentrated charge of 
DSB under the effect of voltage. The capacitance of the grain boundary layer is 
determined by the geometric dimension and will not vary with the voltage biased. 
Thus, the variation of varistor capacitance is caused by the deformation of DSB. 
In addition, the deformation of DSB is closely related to the voltage biased. There- 
fore, the variation of varistor capacitance under a long-term electrical stress (as 
shown in Figure 7.6) is also caused by the deformation of DSB. 

The rising of resistive component of the leakage current, the decrease in 
capacitance, and the increase in dielectric loss during the degradation can all 
be ascribed to the deformation of DSB, i.e. the deformation of DSB leads to the 
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degradation of the ZnO varistor. This has been verified in the experiment, the 
height of DSB before the degradation is 0.67 eV, whereas the one after the test 
becomes 0.45 eV [15]. 


7.4.1 DC Degradation Mechanism 


Under the effect of long-term DC voltage, the J-V curve of the ZnO varistor 
deforms asymmetrically and the DSB also deforms asymmetrically. As the 
polarity of the voltage remains unchanged, the ion makes a single directional 
transition; this leads to the continuous lowering of Schottky barrier height. 
Figure 7.21a,b presents the energy band diagram of the ZnO grain bound- 
ary region before and after the DC degradation, which indicates that the 
reverse-biased Schottky barrier at positively biased side gradually decreases, 
which results that the leakage current increases with the degradation time. 

The lowering of Schottky barrier height results in the increases in both leakage 
current and power loss. The asymmetrical variation of Schottky barrier directly 
leads to the asymmetrical drift of the J-V curve. In addition, the increase in leak- 
age current with time can be expressed as [1] 


J = Aexp(Bt") (7.5) 


where A, B, and n are all constants. 


7.4.2 AC Degradation Mechanism 
When an AC voltage is applied, the Z-V curve of the ZnO varistor deforms sym- 


metrically, and degradation characters as the increases in resistive component of 
current and the dielectric loss in the low-frequency range occur simultaneously. 
When the AC voltage is stressing, the J-V curve varies symmetrically, which is 
distinct from the symmetrical deformation of the DC case. Thus, the deformation 
of DSB under AC voltage is also different from the one under DC stressing. 
When it is under the regime of positive half wave, i.e. presuming the right 
side is positively biased and thus the left side is forward biased and the right 
one is reverse biased, as seen in Figure 7.22a [3], the ion migration occurs both 
in the grain boundary layer and the depletion layer of reverse-biased Schottky 
barrier. The zinc interstitial in the depletion layer of reverse-biased Schottky 
barrier migrates to the grain boundary, i.e. moves leftward, and neutralizes with 
the negatively charged zinc vacancy at the interface of the right side to generate 
neutral ions, resulting in the lowering of reverse-biased Schottky barrier at the 
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Figure 7.21 Energy band diagram of ZnO grain 
boundary region before and after the DC degradation. 
(a) Before degradation and (b) after degradation. 
Source: Redrawn from Wu et al. [1]. 
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Figure 7.22 The Schottky barrier and ion migration during AC degradation. (a) Positively 
biased at the right side, (b) positively biased at the left side, and (c) AC biased. Source: Eda et al. 
1980 [3]. Redrawn with permission from AIP. 


right side. The ion migration and the deformation of Schottky barrier are in 
accordance with Figure 7.21. 

When the polarity of voltage changes, i.e. under the regime of negative half 
wave, the left positively biased side becomes the reverse-biased Schottky barrier, 
and the right side is the forward-biased barrier. The zinc interstitial in the left 
depletion layer migrates to the grain boundary and neutralizes with the negative 
charge at the left interface to generate neutral ions, leading to the lowering of 
reverse-biased Schottky barrier at the left side as shown in Figure 7.22b [3]. 

As the AC voltage changes its polarity periodically, the ion inside the grain 
boundary layer also migrates leftward and rightward accordingly with identical 
migration distances at the left and right. Thus, the ion remains its location in the 
grain boundary layer on the whole, which is equivalent to no obvious migration 
behavior. However, the ion migration occurred in the depletion layer is not neg- 
ligible. As a reverse-biased Schottky barrier withstands a high electric field, it 
merely tolerates the electric field of low magnitude when the voltage polarity is 
altered and it becomes forward biased. Thus, with the cyclic alternating of voltage 
polarity, the zinc interstitial migrates to the grain boundary and to the opposite 
direction accordingly. However, the migration distances along the two directions 
are distinct, and the positively charged zinc interstitial finally reaches the inter- 
face of the Schottky barrier to neutralize the zinc vacancy and generate neutral 
ions. This results in the asymmetrical deformation of the two Schottky barriers 
at the “grain-grain boundary-grain” interfaces, and both barriers decrease as 
shown in Figure 7.22c [3]. 

Similar to the case of DC, the increase in resistive current when AC voltage is 
applied is owing to the lowering of barrier height. By analyzing the degradation 
curve 1 of the resistive component of current under AC stressing in Figure 7.4, it 
is found that even the resistive current may decrease at the preliminary stage, it 
obeys the law as Eq. (7.5) and gradually increases [1]. 
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7.4.3 Nonuniform Degradation Mechanism 


The distribution of charged ions and defects in the depletion layer and boundary 
interface determine the DSB height. Generally, the degradation phenomenon of 
ZnO varistors is considered to be caused by the reduction of DSB height of the 
individual grain boundary. There are mainly two mechanisms used to interpret 
the decline of the barrier height in the degradation process: interstitial ion migra- 
tion and oxygen desorption. A grain boundary defect model is widely accepted 
to describe the ion migration process [19, 82, 83], stable and metastable charged 
defect ions coexist in the depletion layer of ZnO grains, and the grain boundary 
interfaces, as schematically illustrated in Figure 7.16. 

Stable components in the depletion layer mainly consist of trivalent substitu- 
tion ions De. (D = Bi, Sb, etc.) and native oxygen vacancies V+, Ve whereas 
metastable components are mainly composed of positively charged native zinc 
interstitials Zn and Das These positively charged ions are compensated by a 
layer of negatively charged ions at the grain boundary interface, which are com- 
posed of native zinc vacancies V7, and V7. The energy band diagram of these 
defects is summarized from previous literatures, as given in Figure 7.23 [24]. 

At the grain boundary interface, the acceptor levels of V7, and V7_ have been 
assigned around 1 and 2 eV, respectively, above the valence band edge. The oxy- 
gen interstitials, O? and OF, are not considered as major defect types in ZnO. 
Besides that these defect ions originate from the ZnO lattice, there ought to be 
a lot of extrinsic defect ions V5 (D = Bi, Sb, etc.) distributed among the disor- 
der layer close to the grain boundary interface. The formation of these extrinsic 
defects occurs during the cooling down stage of high-temperature sintering pro- 
cess. The amorphous grain boundary is formed during the sintering process; it 
tends toward leaving a lot of dislocated defects after cooling down. The migration 
features of these extrinsic defects largely depend upon the dopants and fabricat- 
ing process of the ZnO varistor ceramics. 


E, Figure 7.23 Grain boundary 
energy band diagram for main 
intrinsic defect ions located in 
the depletion layer and grain 
boundary interface. Source: 
Redrawn from Liu [24]. 
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Stable components that exist both in the depletion layer and the grain bound- 
ary are relatively fixed in space, which means that the activation energies of 
migration for these defects are relatively high. The migrating features of the 
metastable defects in the depletion layer largely depend on their spatial lattice 
sites; therefore, it will lead to the difference in the relative mobility for different 
defects under long-term voltage stress and thermal stress. As all the octahedral 
and half the tetrahedral interstitial sites are empty in the ZnO structure, zinc 
interstitials can rapidly migrate within the structure via these interstitial sites. 
On the contrary, the migration of oxygen vacancies via vacant lattice sites are 
severely restricted because of low vacancy concentration and high activation 
energies. Normally, the positively charged interstitials migrate toward the nega- 
tively charged grain boundary interface where charged defects are converted to 
neutral defects because of the following chemical reaction between the defects: 


Zn? + Vz, > Zn; +V% (7.6) 


As a result of these reactions at the interface, two neutral defects (Zn and V% ,) 
are formed at the grain boundary interface to replace the charged ions (Zn) and 
(Vz,,)- With the continuous degradation stress on the varistor, the barrier height 
declined continuously because of the loss of charged ions and the accumulation 
of neutral defects at the grain boundary interface. 

The defect model proposed by Gupta and Carlson could be easily used to 
explain the monotonic degradation phenomenon in the single-grain boundary 
degradation test. However, several grain boundaries (occupying an unignorable 
percentage in the randomly selected boundaries) exhibit a nonmonotonic degra- 
dation behavior. The J-V curves could be recovered after subjected to voltage 
stress. In Gupta and Carlson's viewpoint [19], the recovery of the electrical 
properties is due to the reverse reaction occurring upon the removal of electric 
field. The prevailing test temperature is the driving force of recovery. This state- 
ment could explain the recovery phenomenon of ZnO varistors after annealing 
treatment. However, in the experiments [33], the accelerated degradation 
voltage stress and the thermal stress were removed simultaneously. Therefore, 
the nonuniform degradation behavior may be caused by other reasons. 

He et al. thought [41] that, except for the migration of positively charged ions 
from the depletion layer to the grain boundary interface, the migration of neg- 
atively charged defects from the grain boundary to the interface should also be 
taken into consideration. Although the major defect is distributed in the grain 
boundary, which is spatially fixed at the interface, the existence of an extrin- 
sic defect may migrate toward the interface under degradation stress and partly 
compensate the loss of negative charges at the interface, which results in the 
enhancement of barrier height to some extent. The improvement of barrier height 
will eventually have an opposite effect on the deterioration of electrical proper- 
ties. In conclusion, the migrations of zinc interstitial ions have positive effects 
on the degradation process. However, the migrations of zinc vacancy ions in the 
grain boundary exhibit opposite effects in the degradation process. The recovery 
of I-V characteristic is therefore easily understood. The migrating process car- 
ried out in the depletion layer and grain boundary is of great variations. Thus, the 
combination of these two effects leads to the variation of degradation rates. 
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Meanwhile, the desorption of oxygen in ZnO varistor plays an important role 
in the degradation process, which has been verified by Ramirez et al. [31, 84]. 
The tetragonal B-Bi,O, phase in the ZnO varistor was regarded as the bound- 
ary activator to limit oxygen around the grain boundary, which is necessary to 
improve the barrier characteristics. The elimination of the B-Bi,O, phase in the 
ZnO varistor after degradation stress would lead to the desorption of oxygen and 
deterioration of barrier. 

According to the results for the AC degradation [26, 85], it was found the ambi- 
ent gas influences the degradation of ZnO varistors and the oxygen gas suppresses 
the degradation, and the oxygen gas has an effect of rejuvenating the degraded 
samples. These suggest that the desorption of oxygen from the sintered bod- 
ies plays an important role in the degradation of ZnO varistors and imply that 
the migration and desorption of oxygen ions at the grain boundaries change the 
distribution of space charges, causing deformation of the Schottky barriers. The 
significant effect of ambient gases at higher temperatures reflects the rapid des- 
orption of oxygen at the higher temperatures. 

Ion migration and oxygen desorption mechanism could be easily used to 
explain the monotonic degradation phenomenon in the single-grain boundary 
degradation test. However, several grain boundaries (occupying an unignorable 
percentage in the randomly selected boundaries) exhibit a nonmonotonic degra- 
dation behavior. The J-V curves could be recovered after subjected to voltage 
stress. Except for the migration of positively charged ions from the depletion 
layer to the grain boundary interface, the migration of negatively charged defects 
from the grain boundary to the interface should also be taken into consideration. 
Although the major defects distributed in the grain boundary are spatially fixed 
at the interface, the existence of an extrinsic defect may migrate toward the 
interface under degradation stress and partly compensate the loss of negative 
charges at the interface, which results in the enhancement of barrier height to 
some extent. In addition, there could be a reversible process as compared to 
the desorption of oxygen, noted as absorption, which could improve the barrier 
property. The desorption and absorption of oxygen around the grain boundary 
may coexist in the degradation process. The barrier could be recovered when 
the absorption of oxygen possesses a dominant ratio in the degradation process. 
The improvement of barrier height would eventually have an opposite effect on 
the deterioration of electrical properties. 


7.4.4 Pulse Degradation of ZnO Varistors 


Previous studies on the degradation of ZnO varistors mainly focused on the 
dependence of degradation states upon the number, amplitude, duration, 
and interval of the applied pulse current/voltage stress [86, 87]. The pulse 
degradation characteristics of ZnO varistors were strongly influenced by the 
composition and fabrication procedure, as well [36, 88—90]. The results showed 
that current pulses reduce both the height and the width of the barrier voltage. 
It was also observed that the donor density did not change, but the surface-state 
density decreased with degradation [91]. Meanwhile, the thermal transport 
properties of the varistor microstructures as well as the electronic properties 
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of the active intergranular phase were also taken into consideration [92, 93]. 
Additionally, many literatures had discussed on the degradation characteristics 
and mechanisms of ZnO varistors, but the electrical property variation of 
single-grain boundaries during the degradation process still was not clearly 
analyzed [94—96]. Discussions on the degradation or degradation mechanisms 
have revealed that the deformation of DSB plays a dominant role in the pulse 
degradation [97—99], which is similar to AC and DC degradation. 


7.4.4.1 Degradation Mechanism Under Impulse Current 
The impulse degradation can be assessed by the variation of voltage measured at 
1mA (DC) before and after the effect of impulse current. The effect of impulse 
current leads to the decrease in voltage at 1 mA (Uma), and simultaneously the 
resistive component of current has an asymmetry under different polarities, e.g. 
when an AC voltage is applied on the varistor treated by negative impulse current, 
the value of the positive peak of resistive current is slightly larger than the negative 
one. It was reported that for the varistor processed by 100 kA lightning impulse 
current [15], its power loss at Uima had a 20% increase. Figure 7.24 indicates the 
variation of U,,,, under 8/20 ps positive or negative impulse current for com- 
parison [15], and Uma of varistor processed by negative impulse decreases more 
severely than that by the positive impulse. In addition, for the varistor treated 
by positive impulse current, the Uma firstly increases slightly and then presents 
the tendency to decline with the increase in impulse current. It is thus seen that 
the degradation degree in the negative polarity direction is larger than the one 
in the positive polarity direction. 

The effect of impulse current can be described by four parameters, e.g. impulse 
current density J; impulse voltage gradient F;, impulse width ¢,, and impulse 
energy density E; [12]. E; can be expressed as 


t 
E= ji JE, dt (7.7) 
0 


The mechanism of impulse degradation lies in the emphasis on thermal degra- 
dation. Under the effect of impulse current, a huge amount of energy is injected 


Figure 7.24 The variation of 20 T T 
Uma Of varistor under Positive 
positive and negative 
impulse currents. Source: 
Adapted from Xu [15]. 
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into the ZnO varistor in a very short time. If the heat dissipation is not included 
and the temperature rise process due to the absorption of impulse energy is con- 
sidered as adiabatic temperature rise, the variation of temperature after absorp- 
tion of impulse energy £; is 


i 
AT a (7.8) 
where AT is the temperature increment, p is the resistivity, and Cp is the specific 
heat. 

With the rising of temperature owing to energy absorption, the relatively high 
temperature generates a large thermal activation energy inside the varistor bulk. 
Under the effect of single-polarity impulse voltage, cations such as Bi** inside the 
grain boundary layer migrate to the grain boundary of the reverse-biased Schot- 
tky barrier, and the cations in the depletion layer of the reverse-biased Schottky 
barrier also migrate to the grain boundary. Moreover, the migration velocity for 
all kinds of ions is obviously faster than the one under the low DC electric field. 
These two aspects contribute to the deformation of Schottky barrier and eventu- 
ally lead to the severe degradation under the single-polarity impulse. 

The impulse degradation is also closely related to the magnitude and wave- 
form of impulse current, number of applied impulses, and ambient temperature. 
Experiment indicates that if the impulse current with a magnitude smaller than 
5 kA is imposed on a varistor, it is rarely degraded, whereas if the magnitude is 
larger than 100 kA, severe degradation phenomenon occurs [15]. 


7.4.4.2 Superimposing Degradation 

In practical application, the varistor withstands long-term DC or AC voltage, 
whereas occasionally bears impulse currents or impulse voltages, so the degrada- 
tion will be caused by the superimposing effect of impulse degradation and AC 
or DC degradation. If a varistor is withstanding a long-term DC voltage and the 
impulse current of the same polarity is imposed on the varistor, the impulse cur- 
rent will aggravate the degradation. However, if an impulse current of opposite 
polarity is superimposed on the DC voltage, or if an impulse is superimposed on 
the AC voltage, the impulse degradation may recover to a certain degree after a 
period of time. 

When the impulse and AC voltage coexist, the impulse may make the cations 
migrate to one side of the Schottky barrier, whereas when the AC voltage affects 
them to uniformly diffuse to the both sides of Schottky barrier to pull the ions 
already migrated to one side back to the another, this will relieve the impulse 
degradation. Thus, the degradation caused by the superposition of impulse on 
the AC voltage is subtractive. 

Figure 7.25 shows the increase in the leakage current of the ZnO varistor 
under the effect of impulse superpositioned on AC voltage [12]. For the test, 
the applied voltage ratio is q =0.85, the ambient temperature is 82°C, and 
the impulse current applied is 440 Acm~?. The full line corresponds to the 
case that negative surges are applied except the final stage, and the dotted 
line indicates the case that the surge polarity was alternated. If the impulse 
current is occasionally superpositioned on the long-term operation voltage, 
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the leakage current obviously increases. The surge degradation is pronounced 
in the case applying unidirectional surges but can be healed to some extent 
by applying surges of opposite polarity. It is further noticed that the effect of 
surge degradation is integrated over a long period perhaps over the entire life of 
the element. Experimental results indicate that the rising of leakage current is 
mainly caused by the increase in its resistive component. 

Under the effect of coexisting impulse and AC voltage, the degradation of varis- 
tor is related not only to the waveform and magnitude of impulse current but also 
to the number of impulses applied, the temperature of varistor, and the operation 
voltage, e.g. the larger the applied operation voltage is, the severer the degrada- 
tion is. When the AC voltage is applied alone, the variation of resistive current 
density with time can be expressed as Eq. (7.5). In addition, for the superposition 
case, the current density is [1] 


J =A exp(Bt") + AJ (7.9) 


where A and B are constants and 4J is the increment of resistive current density 
after the impulse current is applied, which is closely related to all parameters 
mentioned before. 

It is generally assumed that the current density ratio of the one impacted by 
the impulse to the one without impulse is a, and a is considered as the impulse 
degradation factor [12]: 


a=AJ/J(O) (720) 


where J(0) is the current density without the effect of impulse. If a varistor is sus- 
tained N impulses of identical polarity and magnitude, it can be considered that 
all the impulses share the identical degradation factor except the first impulse, 
and the total impulse degradation factor can be expressed as 


a=b+c(N-1) (7.11) 


where b and c represent the respective degradation factors for the first impulse 
and the others. From Figure 7.25 [12], it is known that the larger the number of 
identical polarity impulses, the severer the impulse degradation. 
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7.5 Role of Interior Microcracks on Degradation 


The minute air microcracks of extremely microscopical size exist in the interior 
structure of the ZnO varistor, which are produced because of the inhomogeneous 
contraction during the cooling process of ZnO varistor after sintering. It was 
regarded that the microcrack could enhance the degradation of varistor, includ- 
ing the influence on degradation in a humid environment [29]. 

Wang and coworkers [91] thought that the electrical degradation phenomenon 
of the varistors is closely related to the reaction between the trap at 0.94 eV and 
adsorbed oxygen ions at the grain boundaries. Sonder et al. treated the varistor 
by reductive deoxygenation and then reoxidation at 290-780 °C and measured 
the interior distribution of oxygen by utilizing the secondary ion mass spectrom- 
etry (SIMS) [29]. The measuremental results indicate that the oxygen molecule 
can enter into depths and its distribution is quite nonuniform, and the higher the 
temperature for reoxidation is, the more deeply the oxygen molecule will pene- 
trate. When the temperature reaches 300 °C, the oxygen molecule can move to a 
long distance along the microcracks. During the cooling process of ZnO varistor 
after sintering, the microcracks, as the channel for oxygen molecule diffusion, 
convey the oxygen molecule from the outer atmosphere to the interior of varis- 
tor. This can be regarded as the evidence of the existence of microcracks inside 
the ZnO varistor. The length and distribution of microcracks are of randomness, 
and under the assumption of Gaussian distribution length, the varistor only has a 
small number of microcracks with a long length, which can possibly connect the 
surface to the depths. The microcracks may exist in the interior of the varistor, 
along both the axial and radial directions, and may also be cross-linked, as shown 
in Figure 7.26 [1], which form the complicated pathway to the surface and/or the 
external environment. 

The existence of oxygen molecule would affect the property of the Schottky bar- 
rier, e.g. which would react with the zinc interstitial to result in the degradation, 
and generate the stabilized ZnO and relieve the degradation of the varistor. 
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Figure 7.26 (a) The microcracks R, and air gaps R, inside the ZnO varistor offer a resistive 
pathway for chemical reactions and (b) the respective equivalent electric circuit. Source: 
Adapted from Wu et al. [1]. 
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The microcracks have a negligible influence on the newly manufactured ZnO 
varistors, whereas during its long-term operation, the microcracks act as the 
channel linking the surface and the varistor interior to let the oxygen inside dif- 
fuse out, thus destabilizing the ZnO varistor and leading to the degradation. 

The microcracks can not only act as a diffusion pathway for oxygen but also 
constitute the resistive channel, which may be formed after the penetration of 
moisture [29]. Ina humid environment, the moisture may also be possible to enter 
into the interior of ZnO varistor through the microcracks, and the moisture may 
react with oxygen ions in microcracks as [29] 


O- +H,O > 20H™ (7.12) 


i.e. by chemical reaction, the alkaline ion OH™ is generated. After such chem- 
ical reactions in microcracks, resistive pathways of good electrical conductivity 
form. Assuming that two long-resistive pathways R, and R, exist in the interior of 
varistor, as shown in Figure 7.26a. The resistive pathways R, and R, are in parallel 
connection with the ZnO varistor V} and V, in the radial direction and are in 
series connection with ZnO varistor V, in the axial direction, forming the equiv- 
alent electric circuit as given in Figure 7.26b [1], the respective J-V characteristic 
can be described as 


J = AE + BE" (7.13) 


Obviously, because of the existence of resistive pathway, the leakage current 
under low electric field may increase, leading to the occurrence of the degradation 
phenomena. 

Besides, the moisture may also possibly react with the oxygen atom from the 
grain boundary layer through the microcracks as described in Eq. (7.12), leading 
to the decrease in the amount of oxygen atom in the grain boundary layer and 
accelerating the degradation of varistor. Simultaneously, the alkaline OH~ gener- 
ated in the grain boundary layer may damage the grain boundary, leading to the 
decrease in the grain boundary resistance and increases of leakage current and 
power loss of the whole ZnO varistor bulk. 


7.6 Antidegradation Measures 


Parallel to the pursuit for accurate degradation mechanism, measures for improv- 
ing the antidegradation capability of ZnO varistors are of great interest and of 
significant application values; hence, numerous research studies [19, 34, 37, 100, 
101] have been carried out correspondingly. As discussed above, the long-term 
electrical degradation mechanism of ZnO varistor is due to the migration of 
Zn, inside the depletion layer and the diffusion of oxygen defect along the grain 
boundary, corresponding measures could be taken. This suggests strategies such 
as the removal of mobile ions and impeding the migration of ion. To achieve this, 
two classes of measures, i.e. specific preparation procedures and optimization of 
formula, are devised. 
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7.6.1 Specific Preparation Procedures 


As for specific handling procedure to improve the stability of varistors, a widely 
used technique is the heat treatment around 600 °C [19, 43]. This could improve 
the device stability by inducing the phase transformation of intergranular Bi,O, 
from the initial B/S phase to the y phase [56], which aggravates the oxygen con- 
duction. More importantly, such a heat annealing process could largely eliminate 
Zn, as the zinc interstitial defect can react with the oxygen atmosphere, hence 
the decrement of the density of mobile donor defects and the improvement of 
antidegradation capability. Moreover, other refinement or improvement of the 
preparation procedures of varistors can inhibit the growth of abnormal grains and 
thus obtain a more uniform microstructure of varistors. This could contribute to 
the uniform distribution of electrical field and current and therefore also improve 
the stability of varistors indirectly. 

By performing an appropriate thermal treatment on the ZnO varistor, the 
antidegradation capability of the ZnO varistor can be improved, and even the 
degraded varistor can recover its property after the treatment [1]. As shown in 
Figure 7.6, the experiment indicates that if the electrically degraded ZnO varistor 
is thermally treated at 800°C for two hours in the air atmosphere, the TSC in 
the sample decreases when the sample is thermally treated [3], and it can almost 
regain its property and recover to the initial state, whereas if the treatment 
is done in the nitrogen atmosphere, the varistor can rarely recover. Another 
experiment shows the heat treatment of commercial zinc oxide based varistor 
ceramics at temperatures of 200-300°C in air with 1000 ppm of NO, causes 
a strong shift of voltage—current characteristic to low voltages. Subsequent 
exposure to pure air leads to partial restoration of the voltage—current charac- 
teristics [100]. Moreover, if a nondegraded ZnO varistor is thermally processed 
at 800°C for two hours, it becomes further stabilized and its antidegradation 
capability is improved, i.e. the J-V curve of treated ZnO varistor drifts slightly 
after degradation test. Shirley and Paulson found that the intrinsic electronic 
structure can be modified without changing the microstructure to greatly 
improve the pulse degradation performance of a varistor by annealing at low 
temperature (600°C) in oxygen [92]. Thus, it can be concluded that the lack of 
oxygen is the reason of aging, and the oxygen is the migrating negative ion inside 
the intergranular layer during the heat treatment. 

During the heat treatment with a high temperature, oxygen diffuses into the 
intergranular phase and forms oxygen atoms O. The neutral oxygen hole V% in 
the intergranular phase reacts with the oxygen atom and forms a neutral oxygen 
lattice OF [1]: 


VE +0 0% (7.14) 
The neutral oxygen lattice O% reacts with a zinc hole of negative charge: 


Of + V5. > O5.+ V5, (7.15) 
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The formed neutral zinc lattice V% „ reacts with zinc interstitial to form a zinc 
lattice Zny: 


VS +Z > Znt + VF (7.16) 


Then, the formed zinc interstitial Zn, reacts with negative oxygen lattice O5 
to form a ZnO lattice ZnO(L): 


Znz,, + Og > ZnO(L) (7.17) 


Therefore, the heat treatment can reduce the unstable factor “the zinc 
interstitial” inside the ZnO varistor and recover the characteristics of aged ZnO 
varistors. 

If the heat treatment is performed on the degraded ZnO varistor, the neutral 
defect Zn¥ generated during degradation will dissolve into positively charged zinc 
interstitial and electron: 


Vin > Znj, + (7.18) 


The neutral zinc vacancy reacts with electron to generate negatively charged 
zinc vacancyV7>, : 


Vint > Vin (7.19) 


Under the effect of electromotive force which distorts the electrical field, Zn} 
migrates back to the depletion layer, whereas the generated V}, helps to recover 
the height of the grain boundary barrier; thus, the property of the degraded varis- 
tor is recovered by the heat treatment [1]. 


7.6.2 Optimization of Formula 


By doping specific additives, the stability of varistors can be improved. For 
instance, by incorporating amphoteric dopants [102] as sodium or potassium 
into the ZnO lattice, the dopants could occupy both the lattice and the interstitial 
sites [103]. When occupying the interstitial sites, the dopants could first block 
the formation of zinc interstitial and secondly prevent the migration of mobile 
ions [56]. An atomistic simulation technique has been used to predict the 
spatial arrangement of the dopant species sodium, lithium, and chlorine within 
the zinc oxide lattice. The alkaline oxides are preferentially incorporated via a 
self-compensating mode, forming interstitial cations that hinder the migration 
of zinc interstitials and hence slow the degradation of the varistor [36]. A similar 
discussion applies to glass additives and silver dopants, as the former could den- 
sify the microstructure of electroceramics and restrain the migration of mobile 
ions, whereas the latter can act as acceptor ions and decrease the donor density 
[24]. It is also reported that the Sn additive can alter the ZnO crystal orientation 
in grain boundary region and thus affect the diffusion process of oxygen ions 
across the boundary [104]. These explanations for the effects of various dopants 
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are mainly based on speculations; therefore, atomistic investigations are needed 
to account for accurate roles in improving the antidegradation capability of 
varistors and also find new potential additives. 


7.6.2.1 Dopant Effects on Improving AC Degradation Characteristics 

Many works have been done on how to improve the degradation characteris- 
tics of ZnO varistors. Liu experimentally studied the eftects of various dopants 
on improving the AC, and impulse degradation characteristics of ZnO varistors 
were analyzed [24]. Accelerated AC (50 Hz) aging test was carried out on the ZnO 
samples under continuous voltage stresses of 0.85 Uma at 135°C for 168 hours. 
The electrical properties and DSB parameters before and after the degradation 
tests were derived from the measured electric field—current density characteris- 
tics and capacitance—voltage characteristics, respectively. 

Generally, Bi,O, has been considered to be one of the most important addi- 
tives to provide liquid-phase ambience during sintering and is essential for the 
formation of the DSB of the ZnO varistor. The degradation test results indicated 
that the long-term AC stability of ZnO varistors became even worse when the 
Bi,O, concentration was increased. The DSB height deteriorated in the degrada- 
tion process and largely depended on the variation of interfacial state densities. 

For ZnO varistors doping with Y,O3, the voltage gradient and the nonlinear 
coefficient change slightly after degradation. The decreased barrier height should 
be mostly attributed to the decrease in interfacial state density after degradation. 
Meanwhile, the variation of barrier height for ZnO samples without doping Y,O, 
is much less than that doped with Y,O, [24]. All Pr-based ZnO varistors doped 
with Y,O, exhibit very predominant degradation characteristics, which show 
nearly symmetric I-V characteristics after the stress, and the leakage current 
during the applied stress is observed to be constant in all samples, particularly in 
the optimal content of Y,O3, varistor has not only a very excellent nonlinearity 
but also a very stable degradation behavior [104]. 

Transition ions such as Crt and Mn** are generally included to improve the 
nonlinearity of ZnO varistors by increasing the steady-state density, through the 
formation of interstitial states and deep bulk traps. Cobalt oxides are important 
dopants to generate/improve the nonlinearity of ZnO varistors. Nonlinear 
characteristics appear even in Co-doped ZnO without other key additives, such 
as Bi,O, and Pr,O,, [105]. The HRTEM observations of a cobalt-doped grain 
boundary show that the boundary is highly coherent and free from intergranular 
phases/precipitates. The presence of cobalt impurities is considered to enhance 
the formation of acceptor-like native defects near the boundaries to generate 
electrostatic potential barriers. The radius of Cot (0.054 nm) ions is less than 
that of Zn?* (0.074nm) ions, which means that it is easy for Co** ions to enter 
the ZnO grain lattice and form substitution defects. With the Co,O, content 
increasing, the voltage gradient is elevated. Meanwhile, the nonlinearity of 
samples is improved. However, the degradation test results indicate that samples 
doped with more than 1.0 mol% Co,O, behave worse AC stability [24]. 

The role of Ni,O, played in modifying the electrical properties of ZnO 
varistors is similar with other transition oxide additives, such as antimony 
and cobalt. Ni,O, is mainly segregated in the intergranular layers of the grain 
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boundaries. With the increasing Ni,O, content, the voltage gradient increases, 
as well. However, the nonlinearity of these samples does not change a lot. The 
degradation test results indicated that the introduction of Ni,O, has a negative 
effect on the AC stability of ZnO varistors. 

Ag acts as an amphoteric dopant in ZnO causing a decrease in the donor den- 
sity and a reduction ina nonlinear coefticient. Ag located in the interstitial sites is 
able to block the formation and migration of new Zn interstitials, thereby improv- 
ing the stability. 

The first-principles calculations and atomistic simulation techniques have 
been used to optimize the dopant species. An atomistic simulation technique 
has been used to predict the spatial arrangement of the dopant species sodium 
[36], lithium, and chlorine within the zinc oxide lattice. The alkaline oxides are 
preferentially incorporated via a self-compensating mode, forming interstitial 
cations that hinder the migration of zinc interstitials and hence slow the degra- 
dation of the varistor. The addition of chloride ions is shown to negate this effect 
by forming sodium and chloride substitutional defects rather than any species 
involving sodium interstitial ions. 

In summary, the effects of various additives on AC degradation parameters of 
ZnO varistors are listed in Table 7.2 [24]. 


7.6.2.2 Dopant Effects on Improving Impulse Degradation Property 

The effects of various dopants on improving the impulse degradation characteris- 
tics of ZnO varistors were also studied [24]. The impulse current with a waveform 
of 8/20 us anda current density of 100 A cm~? was applied on samples with differ- 
ent additives. Every sample withstood five groups of impulse degradation tests; 
every group of impulse degradation test includes 20 impulse currents applied 
with a time interval of 15 seconds. The time interval between the two groups 
of tests was two hours. This means every sample was applied 100 impulse cur- 
rents. The effects of different additives on impulse degradation parameters of 
ZnO varistors are summarized in Table 7.3. 

From the experiments, MnO, has the better effect on improving the impulse 
degradation characteristics of ZnO varistors, which has a similar influential regu- 
larity of AC degradation. However, Ag,O additive, which can effectively improve 
the AC degradation characteristics of ZnO varistors, does not have obvious eftect 


Table 7.2 Summary on the effects of different additives on 
AC degradation parameters of ZnO varistors [24]. 


Additive Erna a I, K; 
%0; T J T l 
Bi, O; J t 4 4 
MnO, — t l t 
Co, 0. t tT t l 
Ni,O. T if l | 
Ag,O — t l 1 
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Table 7.3 Summary on the effects of different additives on 
the impulse degradation parameters of ZnO varistors [24]. 


Additive FS a i: Ki 
Y,O, t 4 y = 
Bi O; 4 F J 4 
MnO, = T J T 
Co,0; t t J 4 
Ni O3 f 4 f 4 
Ag,O 4 4 T 4 


on improving the impulse degradation characteristics of ZnO varistors and even 
reduces the impulse degradation performance of ZnO varistors. 

Furthermore, ZnO-Pr,O,,-based ceramics have been studied to enhance 
the varistor properties and the stability against various stresses, compared 
with ZnO-Bi,O,-based varistor ceramics. Al doping effect on electrical and 
dielectric aging behaviors against the impulse stress in the Zn—Pr—Co—Cr-Y-Al 
(ZPCCYA)-based varistors was investigated [106]. Conclusively, Al,O, dopant 
has an optimized content, under which ZnO varistor has the best electrical and 
dielectric stability against the impulse current. 

Recently, Ga,O, was added to improve the degradation performance of ZnO 
varistors [107]. The AC accelerating aging of 1000 hours under 0.9L/,,,, was 
executed. The absorbing energy is more than 327Jcm~%, and the degradation 
rate coefficient (K,) is 0.04. The stability of the ZnO varistors is attributed to the 
reduction of interstitial Zn?+, which retained the height of the Schottky barrier 
after aging and therefore improved the aging stability. The radius of dopant ion 
Ga** is 0.062 nm, which is less than that of Zn?* (0.074 nm). During the sintering 
of ZnO varistor ceramics, the dopant Ga** solidly dissolves into the lattice of 
ZnO and occupies the location of interstitial Zn?+, as reduces the amount of 
interstitial Zn?*. 
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8 


Praseodymium/Vanadium/Barium-Based ZnO Varistor 
Systems 


The most commercially applied Bi-doped ZnO varistor materials have a few 
drawbacks because of the high volatility and reactivity of Bi,O, during liquid 
sintering. The former changes varistor characteristics, especially the grain 
boundary characteristics, with the deviation of intercomposition ratio of 
additives, and the latter destroys the multilayer structure of chip varistors and 
generates an additional Bi-containing secondary insulating spinel phase at tem- 
peratures over 1000 °C, which does not play any role in the electrical conduction 
and deteriorate surge absorption capabilities [1]. Another drawback is that the 
Bi,O,-based varistors need many additives to obtain high nonlinearity and stable 
electrical properties. In order to overcome the shortcomings of Bi,O,-based 
ZnO varistors, other ZnO varistor systems have been added to ZnO varistors 
instead of bismuth, such as praseodymium [2, 3], barium [4, 5], and vanadium 
[6-14], all exhibit a varistor behavior. All not only have a simple microstructure 
consisting of ZnO grains and intergranular layers but also high nonlinearity. The 
low breakdown voltages and very large grain sizes of these three varistor systems 
suggest the possibility of using them to manufacture low-voltage varistors 
of appreciable thickness, which operate at the voltage lower than dozens of 
volts. At last, the ZnO-glass varistors for multilayer ceramic chip varistors are 
introduced, which are applied as surge protection devices in the surface-mount 
hybrid integrated circuit (HIC) technology. 


8.1 Praseodymium System 


8.1.1 Doping Effects 


Pr-based ZnO varistors are reported to have only two phases, namely, ZnO 
grains and intergranular layers. The absence of spinel phase, which plays no elec- 
trical role at grain boundaries, increases the active grain boundary area through 
which the electrical current flows. Therefore, the effective cross-sectional area 
of the element is increased. This gives rise to compacting of systems, variety 
in application area, and high performance as a surge protector. Mukae et al. 
[2, 15, 16] reported zinc oxide varistors with praseodymium oxide in 1977. The 
ZnO-Pr,O,,-based varistors have not only simple microstructure consisting 
of ZnO grains and intergranular layers, unlike the Bi,O,-doped varistors, but 
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also high nonlinearity, with a nonlinear coefficient of 25-37 only for ternary 
system ZnO-Pr,O,,—CoO, compared with Bi ,O}-based ZnO varistors having 
a nonlinear coefticient of 13-18 for only ternary system ZnO-Bi,O,—CoO (or 
MnO) [16]. However, the varistors having a high stability never exceeded 40 in 
the nonlinear coefficient and the varistors having a high nonlinearity exhibited 
very poor stability for DC stress. Further, the varistors added by Cr,O, to 
quaternary system above behaved excellent nonlinear coefficient close to 70, and 
the stability for any varistor was greatly improved [17]. 

The electrical properties of the ZnO—Pr,O,,-based varistor ceramics can be 
controlled by adjusting the Al,O, content [18]. Doping of Al,O, in the range 
of 0.0-0.01 mol% affected the average grain size of ZnO—Pr,O,,-based varis- 
tor ceramics more strongly than it did their ceramic density. ZnO—Pr,O,, -based 
varistor ceramics doped with Al,O, of 0.005 mol% exhibited excellent nonlinear- 
ity with a nonlinear coefticient of 43.8 and a leakage current of 0.66 pA. As the 
AL,O, content increases, the donor concentration and the density of the surface 
states increase, and the barrier height and depletion width decrease. Further- 
more, in order to obtain the best electrical stability, Al,O, at 0.001 mol% is an 
optimum content. 

Fe,O, was an important additive, acting as an inhibitor of ZnO grain growth 
in ZnO-Pr,O,,-Co,0,—Cr,0,—Fe,O3-based varistor ceramic materials [1]. 
With a tricky and appropriate amount of Fe,O, doped, the electrical property 
of ZnO-Pr,O, ,-based varistor ceramics would be significantly improved. When 
the doping level of Fe,O, was no more than 0.005 mol%, more addition of Fe,O, 
could improve the nonlinear coefficient and varistor voltage of the materials. 
The optimum nonlinear coefticient of 26 and varistor voltage of 571 Vmm7! 
were acquired when the doping level of Fe,O, was 0.005 mol%. Too much more 
doped Fe,O, would destroy the nonlinear properties of the ceramic materials. 

The rare earth oxides are doped to improve the electrical properties and 
the stability of Pr-based ZnO varistors. Nahm et al. reported that the addi- 
tion of rare earth oxides (Er,O,, Dy,O,, and Nd,O,) to the ternary system 
ZnO-Pr,O,,-CoO-based varistors improved the nonlinearity and electrical 
stability [19-28]. Consequently, only NiO-added varistors greatly improved 
the stability. Cai et al. studied the effect of the doped rare earth oxide Dy,O, 
to Pr-based ZnO varistors [29], and the analysis of the microstructure and 
composition indicated that the ceramic is composed of the main phase of ZnO 
and the second phase of rare earth oxides (e.g. Dy,O3, PrgO,,, and Pr,O,). The 
average grain size was markedly increased from 3 to 18 um, with an increase 
in the sintering temperature from 1150 to 1350°C; both the leakage current 
and the barrier voltage per grain boundary were increased. However, the 
varistor voltage (from 1014 to 578 V mm!) and nonlinear coefficient of samples 
were decreased because of the variations of the grain size and the number 
of grain boundary. Analysis of the resistivity of the grain and grain boundary 
indicates that the resistivity of the grain is almost independent of the variation 
of the grain size and the sintering temperature. The dielectric constant of the 
ZPD (ZnO-Pr,O,,—Dy,03) samples decreases from 105 to 45, which can be 
attributed to the internal boundary layer capacitance effect and the variation of 
the thickness of the grain boundary layer. 


8.1 Praseodymium System 
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Figure 8.1 Complex impedance spectra of various ZPD samples; inset (a) shows the 
equivalent resistor-capacitor circuit and (b) shows the magnified part of the spectrum. Source: 
Nahm 2006 [29]. Reproduced with permission of Springer. 


Figure 8.1 shows the complex impedance spectra of various ZPD samples 
[29]. The results reveal that as the ceramic sample is sintered at 1150, 1250, 
and 1350°C, the corresponding resistance of grain boundary is about 8 x 10+, 
4.5 x 103, and 1.5 x 10? MQ, respectively, which should be related to the amount 
and microstructure of grain boundaries. The microstructure and electrical 
properties of the ternary system ZnO-Pr,O,,—CoO were reported [4, 29, 30]; 
when Dy,O, is doped in this system, the ZnO varistors have a high stability 
as well as a relatively good nonohmicity, and it will be sufficiently used as a 
basic composition in the future, but other additives are demanded to obtain 
further nonohmicity [22]. The degradation of ZnO varistors is associated with 
the lowering of the potential barrier at the grain boundaries, which is related 
to the annihilation of interface defect states when it is stressed continuously by 
an electric field [31]. The positively charged zinc interstitial (Zn,) formed to the 
depletion layer migrates toward the negatively charged grain boundary interface 
during the stress period and it recombines with zinc vacancy (Vz,,) positioned 
in there. As a result, the recombination of these species leads to the degradation 
of ZnO varistors. Based on these facts, it is guessed that the reason why the 
varistors with Dy,O, of 0.5 mol% exhibit an excellent stability is because the 
added Dy,O, spatially restricts the migration of zinc interstitials (Zn,) within 
the depletion layer or stabilizes the interface states. 

The addition of Dy,O,; to the ternary system ZnO-Pr,O,,—CoO greatly 
improved the V-I characteristics of varistor ceramics [23]. The stability of varis- 
tors sintered at 1350°C was far higher than that at 1300°C. The value of Vima 
increased in the range of 337.4—560.9 V mm! at 1300 °C and 8.85—404.3 V mm7! 
at 1350°C with an increasing Dy,O, content. The V4, is defined by V, = (d/D) 
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Vima» Where d is the average grain size and D is the thickness of the sample. 
The value of Vy, was also increased in the range of 2.5-3.5 V per grain boundary 
at 1300°C and 0.2-3.5 at 1350°C as the Dy,O, content is increased. The 
varistors with Dy,O, content agreed to generally well-known 2-4 V per grain 
boundary. The varistors with 0.5mol% Dy,O, showed an excellent stability 
as well as relatively good nonlinear V-Z characteristics, which were 37.8 
in the nonlinear coefticient and 5.4pA in the leakage current [23]. Their 
variation rate of varistor voltage was —1.7% even under very severe stress 
(0.80 V,,4/90 °C/12h) + (0.85Vj,,4/115°C/12h) + (0.90V,,,4/120°C/12h) + 
(0.95V,,4/125°C/12h). It is possible that the reason why Dy,O;-doped 
Pr,O,,-based ZnO varistors exhibit predominant degradation characteristics 
is because the added Dy,O, spatially restricts the migration of zinc interstitial 
within the depletion layer or stabilizes the interface states. 

Doping Er,O3 greatly improved the nonlinear properties of ZnO—Pr,O,,- 
CoO-based varistors, and the varistor sintered at 1300 °C exhibited a good non- 
linearity, with a nonlinear coefticient of 52.8 and a leakage current of 9.8 pA. The 
increase in sintering temperature deteriorated the nonlinear properties, whereas 
it greatly improved the stability [32]. Further studies showed that doping Er,O, 
can improve the electrical properties, and its stability against DC-accelerated 
aging stress of Pr,O,,-based ZnO varistor ceramics, the nonlinear coefticient 
of varistors with an increasing Er,O, content varied with V-shape, reaching a 
minimum at 1.0 mol% Er,O,. As the sintering time was increased, the nonlinear 
coefficient decreased, whereas its stability for the DC stress was improved. The 
varistor with 0.5 mol% Er,O, sintered at 1340°C for two hours exhibited the 
best performance for the nonlinearity and stability. This varistor exhibited not 
only a high nonlinearity, with the nonlinear coefticient of 43.4, but also a high 
stability, with the leakage current of 1.2 pA [16]. 

It was found that a moderate La,O, content, in the vicinity of 0.5 mol%, 
could greatly improve the nonlinear properties of quaternary system 
ZnO-Pr¢O,,;-CoO-Cr,O3-based varistor ceramics. The varistor ceramics 
with 0.5 mol% La,O, exhibited excellent nonlinear properties, with the nonlin- 
ear coefficient of 81.6 and the leakage current of 0.2 pA [33]. The La,O, dopant 
acts as a donor by increasing donor density as the La,O, content is increased. 

It is clear that the nonlinear coefficient and leakage current were strongly 
influenced by the Tb,O, content. Doping Tb,O, exhibited the best surge 
withstand capability, a moderate Tb,O, content was optimized at 0.5 mol% in 
terms of the nonlinearity and surge withstand capability [34], and also exhibited 
an excellent stability for DC-accelerated aging stress of 0.85 £,,,4/115°C/24h 
[35]. Microstructural analysis indicated that the addition of Tb,O, decreased 
the average grain size from 3.6 to 3.2 um and increased the sintered density 
from 5.58 to 5.68 g cm™°. As the mount of Tb,O, increased, the breakdown field 
increased from 9393 to 12437 Vcm™!, and the nonlinear coefficient increased 
from 50 to 65 [35]. 

The investigation has indicated that minor additions of K,O up to 0.5 mol% are 
able to considerably control the grain growth of Pr,O3-doped ZnO and enhance 
the densification, probably because of the small grain size of ZnO and the large 
grain boundary area. This densified microstructure with a reduced grain size 
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results in an increased grain boundary area in the varistor and results in a higher 
field and a high degree of nonlinearity [36]. The doped ZnO containing 2 mol% 
Pr,O3, 0.25 mol% each of Cr,O, and CoO attained grain sizes around 8.5 um, 
for the sample containing 0.3 mol% K,O, has an average grain size of 5 pm, 
while further addition of K,O up to 0.5 mol% resulted in an average grain size of 
3.5 pm [37]. 

The SnO, dopant played a role against the sinterability of the ZnO—Pr,O,,- 
based varistor ceramics and the growth of ZnO grains. The average ZnO grain 
size decreased with the increase of SnO, doping contents. When the SnO, 
doping content was no more than 1.0 mol%, the varistor voltage increased with 
an increasing amount of SnO, dopant. The doped SnO, acted as a donor in 
ZnO-Pr,O,,-based varistors, and minor doping of SnO, up to 0.5mol% can 
improve the nonlinear coefficient and reduce the leakage current of the ceramic 
varistors [38]. 


8.1.2 Effect of Sintering Processes 


Lee et al. [31] investigated the effect of sintering temperature on the microstruc- 
ture and crystal phases of the intergranular praseodymium oxides in ZnO 
varistor ceramics. The ZnO grains were three-dimensionally separated from the 
intergranular praseodymium oxides. On the basis of microdiffraction analysis of 
the intergranular layer, the phase transformation from fec-Pr,O,, into hcp-Pr,O; 
was found when the sintering temperature increased from 1300 to 1350°C. 
The defect reaction equation and the decrease of donor concentration with an 
increasing sintering temperature can verify the certainty of phase transition 
during the liquid-phase sintering observed by transmission electron microscopy. 
Additionally, on the basis of the small variations of the breakdown voltage 
per grain boundary, the number of active grain boundaries is not a dominant 
factor for the donor concentration dependence on the sintering temperature. 
Figure 8.2a,b showed SEM micrographs of specimens sintered at 1300-1350 °C, 
respectively. The average grain size greatly increased from 29.7 to 46.7 um. 
A marked change in the morphology of the intergranular material, maybe the 
Pr-rich phase, can also be observed for samples sintered at 1300-1350°C. 
Continuous distribution of the intergranular layer materials was observed 
at 1350°C. In light of variations of grain sizes and the morphology of the 
intergranular material, the liquid-phase formation temperature was expected 
to be in the range of 1300-1350°C for the varistor system of ZnO-5 mol% 
Co-0.5 mol% PrO, g3. Figure 8.3 shows the current density vs applied voltage 
plot of the varistor system of ZnO-5 mol% Co-0.5 mol% PrO; 3 at different 
temperatures [31]. The estimated nonlinear coefficients were in the range of 
25-37 in the interval of 1-10 mA cm”, and the threshold voltage, which was 
defined as a breakdown voltage per grain boundary at a current density of 
1mAcm~”, slightly increased from 3.66 to 3.82 V with the increment of sintering 
temperature, the barrier height increased from 0.83 to 0.90 eV, and the donor 
concentration decreased from 2.50 x 10!” to 1.47 x 10” cm-? [31]. 

Mukae et al. [2] have suggested that oxidation of interstitial zinc donors in 
the grain boundary region caused by the reduction of Pr,O,, to Pr,O, during 
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Figure 8.2 SEM micrographs of the samples containing ZnO-5 mol% Co-0.5 mol% PrO; g3, 
sintered for one hour at (a) 1300 °C and (b) 1350 °C. Notice the changes in morphology of the 


bright intergranular phase. Source: Lee et al. 1996 [31]. Reproduced with permission of John 
Wiley & Sons. 
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Figure 8.3 Current density vs applied voltage plot of the varistor system of ZnO-5 mol% 
Co-0.5 mol% PrO; ,, at different sintering temperatures. Source: Adapted from Alles et al. [30]. 


liquid-phase sintering results in abrupt changes of electrical characteristics of 
ceramic varistors. However, Alles et al. [4, 30] studied liquid-phase sintering of 
the ZnO-—Co,0,-—Pr,O, system with the content of ZnO above 90 mol% and 
reported that abrupt changes in donor concentration and equilibrium barrier 
heights result from a marked increase in the fraction of electrically active grain 
boundaries. Additionally, they reported that the calculated breakdown voltage 
per grain boundary showed an abrupt change during the liquid-phase formation 
and claimed that the marked increase in the breakdown voltage per grain bound- 
ary appeared to correlate with the fraction of electrically active grain boundaries. 
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This result was not in agreement with the observation reported by Lee et al. [31]. 
Sida et al. [39] provided direct evidence concerning the grain growth rate of 0.5 
mol% Pr-doped ZnO that drastically changed between 1350 and 1400°C, and 
an exothermic peak in differential thermal analysis (DTA) was also observed at 
1380 °C in N,, which indicated the formation of a liquid phase. As reduction of 
Pr,O,, into Pr,O, occurs above 1200 °C, praseodymium oxide will be expressed 
in the form of Pr,O, [40]. In the ZnO—Pr,O, system, only two phases composed 
mainly of praseodymium oxide revealed to be hexagonal Pr,O, [14]. 

The schematic diagram of different morphologies of grain boundaries accord- 
ing to the sintering temperature (below and above the liquid-phase formation 
temperature) and atmosphere (oxygen partial pressure) can be explained by dif- 
ferent vaporizations of components and are shown in Figure 8.4 [21]. Pr additive 
exists between the grain boundaries of ZnO below the liquid-phase formation 
temperature (1380°C). This Pr component begins to the produce liquid phase 
with the reaction of ZnO above 1380 °C. In Ny, large Pr segregates are shown on 
the surface of fired ZnO because large vaporization of ZnO occurs at the surface. 
On the other hand, In O,, a small Pr segregate is shown on the surface of fired 
ZnO because large vaporization of Pr occurs at the surface. 

When the sintering temperature reaches 1500°C, two kinds of mechanisms 
occur simultaneously [21]. One is the higher vaporization pressure during the 
dissociation of ZnO compared to PrO, g,, and this is the reason of higher Pr con- 
centrations at the surface of sample sintered in N,. Another is the formation of 
a liquid that accelerates the evaporation of praseodymium oxide at 1500 °C, and 
this is the reason of lower Pr concentrations at the surface of the sample sintered 
in O,. On the basis of the formation of varistor properties per grain bound- 
ary (e.g. threshold voltage and nonlinear coefticient), the number of active grain 
boundaries are believed to increase when the samples are heat treated above the 
liquid-phase temperature. 

The cooling rate slightly affected the microstructure, the varistor voltage, 
and the leakage current [41]. However, the nonlinear coefticient was relatively 
strongly affected by the cooling rate, which decreased in the range 56.8—42.8 
with increasing cooling rates. It was found that the dielectric characteristics 
complicatedly varied without a remarkable tendency of variation. On the other 
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hand, the cooling rate also greatly affected the stability of nonlinear properties 
and dielectric characteristics against DC-accelerated aging stress, and the 
varistor ceramics cooled at 240°C h™! exhibited the highest stability. The model 
for analyzing the stability of varistor ceramics according to various stresses was 
known to be ion migration mechanism proposed by Gupta and Carlson [32]. 
The zinc interstitial (Zn,) is diffused by biasing field and successively reacts 
with grain boundary defects. As a result, this process leads to a reduction of 
potential barrier and an increase in leakage current. Therefore, the way to 
improve the stability is to restrict the generation of Zn; within depletion layer 
or the migration of Zn; toward grain boundaries. It is proposed that the cooling 
rate deeply affects the migration of Zn; within depletion layer or the stabilization 
of interface states. 


8.1.3 High-Voltage Applications 


Mukae et al. [42] developed ZnO varistor ceramics with a small amount of addi- 
tive components Pr,O,,, Co,;O,, Cr,O, and K,CO, and other metal oxides for 
high-voltage applications, sintered in the furnace at higher than 1100°C. Alu- 
minum electrodes were sprayed on opposite sides of the sintered ceramic disks. 
In order to inhibit from flashover, insulating layers of glass and epoxy resins were 
coated around the cylindrical surface. Two types of elements, depending on the 
equivalent capacitance at the switching surge operating duty test, i.e. 25 and 50 pF, 
were developed. The diameters were 48 and 72 mm, respectively, and the thick- 
ness was 22 mm for both elements. These elements are applicable to high-voltage 
arresters for power systems. The gapless surge arresters have been developed 
using these elements for power stations up to AC 360kV rated voltage and for 
railroad power stations of DC 2100 V rated voltage. The current concentration at 
the edge of electrodes generated the jump of the angular thermal stress, which 
was the major cause for the destruction by long-duration surge. Doping with 
boron improved the energy absorption capability by decreasing the grain size of 
the peripheral area of the elements and reducing the current concentration at the 
electrode edge. 

The change in the resistive leakage current by applied AC voltage was tested. 
The applied voltage ratio is 85% and the ambient temperature is 105°C. Although 
the leakage current initially increased to 120% level, it gradually decreased to 
110% level, which was maintained subsequently until the steep rise at the thermal 
runaway. The results show the stable and long performance life for arresters. 
Arrhenius’ plot of the time at which thermal runaway happens is shown in 
Figure 8.5 [41]. This figure shows that a life more than 100 years at 95% applied 
voltage ratio can be expected when the ambient temperature is 40 °C. 


8.1.4 Low-Voltage Applications 


However, most of the Pr,O,,-based ZnO varistor systems that have been 
reported so far have been developed toward high-voltage applications. The 
work by Horio et al. [43] was one of the very few attempts to extend the use of 
Pr,O,,-based ZnO ceramics for low-voltage applications. They have successfully 
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Figure 8.5 Arrhenius plot of the element life under different applied voltage ratio. The 
element life is defined as the time at which thermal runaway begins. Source: Adapted from 
Nahm [41]. 


fabricated ZnO/Pr,O,,-multilayered thin films having a nonlinear coefticient a 
of 10 and E, of 20 V by the radio frequency (RF) sputtering. Zinc oxide/metal 
oxide multilayered composite thin film varistors have been fabricated by the 
RF (13.56 MHz) sputtering method in an Ar/O, environment. After the Au 
electrode was formed on a quartz substrate by vacuum evaporation, zinc oxide 
(ZnO) layer was deposited by the RF sputtering with ZnO target at room 
temperature, Ar partial pressure of 2.5 Pa, O, partial pressure of 2.5 Pa, and RF 
power of 50 W. PrO}; layer was formed on the ZnO layer by the RF sputtering 
with PrO}; target at room temperature, Ar pressure of 5 Pa, and RF power 
of 80 W. The upper Au electrode was formed on the Pr,O,, layer by vacuum 
evaporation. From the results of V—I and C-V measurements, it was found that 
a depletion region was formed in the ZnO layer close to the interface between 
ZnO and PrO}; layers. 


8.2 Vanadium System 


Vanadium oxide (vanadia) is the inorganic compound with the formula V,O;. 
Commonly known as vanadium pentoxide, it is a brown/yellow solid, although 
when freshly precipitated from aqueous solution, its color is deep orange. 
Because of its high oxidation state, it is both an amphoteric oxide and an 
oxidizing agent, and its crystal structure is shown in Figure 8.6 [44]. V,O; 
has an orthorhombic crystal structure with lattice constants of a = 1151pm, 
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Figure 8.6 The crystal structure of 
vanadium oxide (V,O,). Source: Modified 
from [44]. 


b = 355.9 pm, and c = 437.1 pm, which is a distorted tetragonal pyramidal crystal 
structure, and the V ions are in an octahedral coordination of oxygen. Formally, 
V is 5+ and the d band is empty, although as will be shown the V-3d—O-2p 
covalent mixing results in a partial occupation of the d orbitals [44]. 

Nonohmic behavior was observed for polycrystalline zinc oxide with V,O; as 
the only additive [6]. The electrical conduction in ZnO-V,O, binary ceramics is 
a typical Schottky barrier-controlled current behavior, and the nonlinearity char- 
acteristics are in response to the grain boundary barrier layer. On the basis of the 
back-to-back Schottky barrier model and thermionic emission theory, the Z-V 
and C-V experimental data had been satisfactorily applied to calculate the grain 
boundary parameters. 

The advantage of vanadium-doped ZnO varistors is that ceramic can be 
sintered at a relatively low temperature of ~900°C [6]. This is important for 
multilayer components because such ceramics can be cofired with a silver 
inner electrode, which has a melting point of ~960°C [6]. V,O; is also a better 
sintering aid compared with Bi,O,, which can densify ZnO varistors to the 
same density at a lower temperature compared with Bi,O,-doped ZnO varistors 
sintered at a high temperature [9]. It has been evidenced that V,O, shows great 
promise in being able to replace Bi,O, as the varistor-forming ingredient in 
ZnO varistors. The lower sintering temperature that can be used is an especially 
attractive feature. 


8.2.1 Doping Effects 


Many additives, which have been doped in Bi,O,-doped ZnO varistors, such as 
Mn,Q,, CoO, NiO, Nb,O;, and sodium glass, have been added to improve the 
performance of V,0,-doped ZnO varistor ceramics [9]. MnO, and Co,O, as 
“performance enhancers’ are added to increase the nonlinear coefficient, whereas 
Sb,O, is doped to control the growth of ZnO grains [45-47]. 

Sb,O, is a commonly used grain growth inhibitor for Bi,0,-doped ZnO varis- 
tors [48], which is believed to enhance the solubility of ions, such as zinc in the 
Bi,O,-rich liquid phase, which is important for the defect distribution formed at 
the grain boundaries during cooling [46]. Addition of Sb,O, to the binary sys- 
tem of ZnO and V,O; controls the abnormal grain growth and produces a more 
uniform microstructure, but at the expense of a higher sintering temperature of 
1200°C in order for the pellet to be sintered [49], and the nonlinear coefticient 
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increases after doping Sb,O, suggesting that it is possible that it also enhances 
the solubility of zinc in the vanadium-rich liquid phase, hence improving the 
defect distribution at the grain boundaries. 

Additions of either MnO, [50-55] or CoO, do not change the general 
microstructure of the V,O;-doped ZnO varistors that consist mainly of ZnO 
grains with a vanadium-rich intergranular layer. The nonlinear coefficient 
increases as the amount of MnO, additive is increased. Moreover, it was found 
that 0.5mol% V,O, gives the optimum electrical properties, a low leakage 
current, and a nonlinear coefficient of 31.8 were obtained [56]. It was found 
that MnO, is the most effective in increasing the nonlinear behavior compared 
to Co;O, and Sb,O,. MnO, has a similar effect as MnO, does, which does 
not significantly modify the sintering properties of varistors but do markedly 
alter their nonohmic behavior [11]. The microstructure of the ternary system 
ZnO-V,O;—Mn;Q, consisted of mainly ZnO grains and secondary phase 
Zn,(VO,), [52]. MgO was found to be effective as a densifying aid and a grain 
growth inhibitor in ZnO-V,O; [57]. The average ZnO grain size reduced 
significantly to about 44m when 40mol% MgO was doped to the binary 
ZnO-0.5 mol% V,O; system. The electrical properties deteriorated when more 
than 10 mol% MgO was added. 

Addition of Cr,O, to the binary ZnO-0.5 mol% V,O, system controls the 
abnormal ZnO grain growth and produced a more uniform microstructure [58]. 
The microstructure of the samples consists mainly of ZnO grains with ZnCr,O, 
and a-Zn;(VO,), as the minority secondary phases. The nonlinear coefticient a 
increases as the amount of Cr,O, additive is increased up to 3 mol%. A further 
increase in the Cr,O, content causes a decrease in the nonlinear coefficient. 

The Co and Dy and other dopants were added to ZnO-V,,O,-based ceramics 
to improve the varistor properties [50]. The electrical and dielectrical proper- 
ties and their accelerated aging behavior of ZnO-V,0;-MnO,—Co,0,—Dy,0; 
(ZVMCD) ceramics were investigated with different dopants (Al, Nb, Bi, and 
La). Nb and Bi dopants enhanced the nonlinear coefticient, whereas Al and La 
dopants decreased it. On the other hand, Nb and Al dopants improved the sta- 
bility against aging stress. The Nb-doped ZVMCD ceramics exhibited the best 
nonlinear property (a = 36) and the highest stability. 

Nahm [59] investigated the effect of erbium addition on microstructure, 
electrical properties, and aging behavior of vanadium oxide-doped zinc oxide 
varistor ceramics. When erbium oxide was doped, the microstructure consisted 
of ZnO grain as a main phase and secondary phases such as Zn3(VO,) , ZnV,O,, 
ErVO,, V,O,, and Mn rich. The average grain size decreased from 5.5 to 5.2 ym 
up to 0.05 mol%, whereas a further addition gradually increased it to 5.7 ym 
at 0.25 mol%. With an increase in the amount of Er,O3, the sintered density 
increased from 5.51 to 5.61 g cm™. 


8.2.2 Electrical Characteristics 


A varistor composition of ZnO-0.5mol% V,O;—1mol% MnO,, in which 
y-Zn;(VO,), is produced at ZnO grain boundaries, produces encouraging I-V 
characteristics with a low leakage current and a high nonlinear coefficient [60]. 
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The average breakdown voltage per ZnO junction (V,) for V,O;-doped ZnO 
varistors is ~0.6 V, which is estimated from the breakdown field under 1 mA cm~? 
DC (E,ma cm-2) and ZnO grain sizes (d), through the equation Vg = d E,,ya cm2- 
This value is much lower than that for Bi,O,-doped ZnO varistors, which ranges 
from 2 to 4 V [48]. Such a low breakdown voltage suggests the possibility of using 
the V,O,-doped ZnO varistor system to manufacture low-voltage varistors 
operating at the voltage lower than dozens of volts, whereas for Bi,O,-doped 
ZnO varistors, the microstructure of convenient low voltage varistors with 
millimeter size has to be fairly coarse grained to ensure low-breakdown voltage. 
A highest nonlinear coefticient of 28.9 was obtained for the sample containing 
3 mol% Cr,O, in 0.5 mol% V,O,-doped ZnO varistor [58]. 

It was found that MnO, is the most effective in increasing the nonlinear 
behavior compared to Co;O, and Sb,O, [56]. A varistor composition of 
ZnO-0.5 mol% V,0;-1mol% MnO,, in which y-Zn,(VO,), was produced at 
ZnO grain boundaries, behaved good J-V characteristics [60]. The incorpo- 
ration of Mn,O, to the binary system of ZnO-V,O, was found to restrict the 
abnormal grain growth of ZnO. The breakdown voltage increased from 17.5 to 
463.5 V mm! with the increase in Mn,O, content. The incorporation of MnO, 
up to 0.5mol% improved nonohmic properties by increasing the nonohmic 
coefficient, whereas the further additions decreased it. It was found that the 
highest barrier height at grain boundary was 2.66 eV for 0.5 mol% Mn,O,. 

With an increase in the amount of Er,O3;, the sintered density increased from 
5.51 to 5.61 g cm™?, the breakdown field increased from 4800 to 5444 V cm up to 
0.05 mol%, whereas a further addition decreased it to 4061 V cm™! at 0.25 mol%. 
The varistor ceramics added with 0.05 mol% Er,O, additives induced excellent 
nonlinear properties, with a nonlinear coefficient of 63.4 by properly adding the 
amount of Er,O, (0.05 mol%). The study indicated that erbium acted as a donor 
to increase the donor concentration with an increase in the amount of Er,O3 [59]. 

Tsai and Wu [7] obtained the Schottky barrier height of 0.47 eV, and the donor 
concentration N4 of 7.0 x 10! cm, From the calculated values of N4, a transi- 
tion of defect chemistry from electron compensation to defect compensation was 
proposed for an increase of V,O; doping in ZnO. 


8.2.3 Microstructural Characteristics 


Brown [60] were the first to study the ZnO-V,O, system. They reported the 
existence of only three compounds: Zn,(VO,),, Zn,V,O,, and Zn(VO,), in 
ZnO-V,O; varistors. Two polymorphic transformations were proposed for 
Zn3(VO,4)2: 


795 °C 815 °C 
a-Zn3(VO4). ——> B-Zn3(VO,). ——> y-Zn3(VO4). (8.1) 


The transition at 795°C was reported to be sluggish but reversible, whereas 
that at 815 °C was reported to be rapid and reversible. All the three forms of zinc 
orthovanadate (Zn,(VO,),) have been detected in vanadium-doped zinc oxide 
varistor material samples via powder X-ray diffractometry [61]. Makarov et al. 
[62] worked out the phase diagram of the ZnO-V,O; system. 
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Figure 8.7 Bright-field TEM images of (a) f-Zn,(VO,),, (b) y-Zn3(VO,),, and (c) a-Zn,(VO,), 
grains in ZnO-V,0,(ZV), ZnO-V,0,—MnO, (ZVM), and ZnO-V,0,-Co,0, (ZVC), respectively. 
Source: Hng and Knowles 2000 [45]. Reproduced with permission of John Wiley & Sons. 


Hng and Knowles [45] provided detailed TEM microstructural studies of 
V,0;-doped ZnO varistors. The Zn,(VO,), grains in ZV, ZVM, and ZVC 
were usually found embedded in the ZnO grains or occurring at the triple- 
and multiple-grain junctions, as demonstrated in the bright-field TEM images 
shown in Figure 8.7 [45]. The spinel grains are usually located between the 
ZnO grains at triple junctions or in clusters. They are mostly regular poly- 
hedral in shape, indicating that these grains have enough time to adjust their 
shape to a near equilibrium form while being surrounded by a liquid phase. 
EDX spectra of spinel grains obtained from ZVS (ZnO-V,0;-Sb,O3) and 
ZVSMC (ZnO-V,0;-Sb,0,—MnO,—Co,0,) show that significant amounts of 
vanadium and cobalt are dissolved in them. Based on the experimental results 
[45], it seems more desirable to have y-Zn,(VO,), as a secondary phase than 
to have æ- or f-Zn,(VO,)5. However, B-Zn,(VO,), has a higher conductivity 
than y-Zn,(VO,)>. The lower resistivity of the # phase provides a relatively easy 
path for electronic conduction and contributes to a lower nonlinear coefficient. 
Clarke [63] pointed out that the spinel phase itself can exhibit the varistor 
behavior under appropriate oxidation conditions. It can provide an alternative 
electrical pathway with an appropriate barrier to the grain boundary regions, but 
the improvement in the varistor behavior is not significant [9]. The improvement 
in the varistor behavior could be due to the formation of interface states at the 
grain boundaries by the transition metals. The spinel phase in sample ZVSMC 
(ZnO-0.25 mol% V,O;—2 mol% Sb,O3—1 mol% MnO,-—1 mol% Co,O,) contains 
manganese and cobalt. These are likely to change the defect chemistry of the 
spinel phase and thus alter its electrical behavior as well [45]. 

A high proportion of the grain boundaries between ZnO grains contains a thin 
continuous second-phase film. Such an intergranular material usually originates 
from the a-Zn3(VO,), grain situated at a triple- or multiple-grain junction. The 
intergranular phase usually decreases in its width and ends abruptly some dis- 
tance away from the triple point, and, thereafter, ZnO grains appear to be in con- 
tact with each other, with only the grain boundary separating them. Examination 
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Figure 8.8 (a) Underfocus, (b) overfocus, (c) diffuse dark-field image of typical boundary in 
sample ZVM observed by through-focal series of Fresnel images and (d) BF image of sample 
ZVSMC showing vanadium and antimony segregation. Source: Hng and Knowles 2000 [45]. 
Reproduced with permission of John Wiley & Sons. 


of these grain boundaries by diffuse dark-field imaging shows that these films 
are amorphous. Through-focal series of Fresnel images from such grain bound- 
aries aligned parallel to the electron beam were also performed, which further 
confirmed the presence of a thin boundary layer, a typical example is shown in 
Figure 8.8a—c [45]. The boundaries exhibit a bright central fringe underfocus and 
a dark central fringe overfocus, which is a characteristic of a lower scattering 
potential at the boundary relative to the surrounding bulk material. The actual 
thickness of these boundaries obtained experimentally by HREM should range 
from 0.3 to 1.6 nm as shown in Figure 8.8d. 


8.2.4 Effects of Vanadium Oxide on Grain Growth 


The effects of V,O; additions will be addressed by using an activation analysis of 
the kinetic parameters of ZnO grain growth, specifically the kinetic grain growth 
exponent and the apparent activation energy for grain growth. These parameters 
can be obtained from the phenomenological kinetic grain growth equation [64]: 


G” = Kt exp(—Q/RT) (8.2) 


where G is the average grain size at time ¢, n value is the kinetic grain growth 
exponent, K, is the preexponential constant of the material, Q is the appar- 
ent activation energy, R is the universal gas constant, and T is the absolute 
temperature. 

Hng and Halim [65] investigated the grain growth process in the liquid-phase- 
sintered ZnO-1 mol% V,O; ceramics systematically. The final grain size of ZnO 
after sintering was substantially increased by the additions of V,O,. From 900 to 
1200 °C, the grain growth kinetic exponent was about 1.44, lower than for pure 
ZnO and ZnO-Bi,O, ceramics, both are 3 and 5, respectively. The apparent acti- 
vation energy for ZnO grain growth in this temperature range was substantially 
reduced from that of pure ZnO (224 + 16kJ mol") [64] to 76 + 7kJ mol"! [65], 
which is 148 + 31 kJ mol"! for ZnO-Bi,O, ceramics [65]. 


8.3 Barium System 
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8.3.1 Preparation and Electrical Characteristics 


For ZnO-Bi,O, varistor system, multiple additives should be doped to tailor the 
electrical performances of ZnO varistor ceramics. The presence of multiple addi- 
tives makes the system complicated and as such more difticult to understand the 
mechanism of nonlinearity. It is, therefore, desirable to look for a suitable single 
additive that could segregate out of a ZnO matrix owing to a larger cation radius 
and without outflowing during sintering because of its high melting point and 
result in a high value of nonlinearity. These criteria are best met by barium oxide, 
which has a melting point of 1923°C, and its cation radius is 1.34 A as compared 
with 0.74 Å for Zn. 

The addition of suitable amounts of BaO to ZnO yields nonlinear coefficient 
as high as that of a multicomponent ZnO-Bi,O, varistor system. In 1969, Mat- 
suoka et al. [5] observed that the nonlinearity from ZnO ceramics separately 
added 0.5 mol% alkali earth metal oxide (CaO, SrO, and BaO) and sintered in 
air at various temperatures from 950 to 1450°C for one hour. He thought that 
the solubility depended on the ionic radius, added CaO, SrO, or BaO should 
not dissolve in the ZnO lattice but should form the segregated phase. It was 
believed that this segregated phase may be responsible for the observed nonlin- 
ear characteristics. Bhushan et al. [66] revealed that even a single additive in 1981, 
nearly 10 mol% BaO, makes ZnO highly nonlinear with a nonlinear coefticient a 
of 50, which is larger than that observed in binary ZnO-Bi,O, ceramics. The 
nonlinearity is strongly dependent on the microstructure of the varistor ceram- 
ics. At BaO concentrations higher than 50 mol%, the composite exhibits a ohmic 
behavior because of the absence of a well-defined two-phase grain intergranular 
microstructure. Under suitable sintering conditions, a very large grain size can 
be obtained for this binary composite. This property can be utilized in making 
low-voltage varistors of appreciable thickness. 

Fan and Freer [6] studied the change of the sintered densities of ZnO-BaO 
varistor ceramics as a function of the sintering temperature. At a constant sin- 
tering temperature, the sintered density of the doped samples decreases with an 
increase in the content of BaO, whereas at a constant doping level of BaO, the 
density of ZnO-BaO varistor ceramics increases as the sintering temperature is 
increased from 1000 to 1100°C. As the sintering temperature is increased fur- 
ther, the density decreases almost linearly. This trend is different from that of 
the nominally “pure” ZnO ceramics, whose density increases with the sintering 
temperature increased up to 1300 °C, achieving the maximum value at 1300 °C. 
Therefore, for the range of doping levels investigated, 1100 °C appears to be the 
optimum sintering temperature for the densification of ZnO-BaO ceramics. The 
highest density of 5.45 g cm~? (equivalent to 97.1% of the theoretical density of 
ZnO) was obtained for samples containing 0.39 mol% BaO, sintered at 1100°C 
[6]. Sintering of Ba?+, which has a much larger cation radius (0.134nm) than 
Zn** (0.074 nm), could only have a very limited solubility in the ZnO lattice, so it 
mainly segregates to the grain boundary. Thus, the presence of the Ba-rich phase 
enhances the grain growth of ZnO during sintering and leads to a two-phase 
microstructure in the ZnO-BaO ceramics. 
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Figure 8.9 Variation of dielectric constant £ and dielectric loss tané with the frequency for 
ZnO-BaO (10 mol%) varistor systems. Source: Adapted from Bhushan et al. [66]. 


The dielectric constant £ and the dielectric loss tané of the samples were mea- 
sured at room temperature in the frequency range 10?—10° Hz at 1 V,m, with the 
help of an LCR bridge (Systronics) and a Wayne Kerr bridge [66]. The variation 
of both dielectric constant and dielectric loss with a frequency for ZnO-BaO 
(10 mol%) samples are shown in Figure 8.9. The dielectric constant for this system 
is nearly 10° at 100 Hz, which decreases with the increase in frequency. The loss 
factor first decreases with the frequency showing a minimum at about 2 x 10* Hz. 
A further increase in the frequency, however, increases its value and shows a loss 
peak at 3x 10° Hz. It is noteworthy that the loss peak occurs at the same fre- 
quency for ZnO-Bi,O, systems of any composition and for a multicomponent 
system with several additives as well [67, 68]. The observed complex behavior of 
the dielectric properties is similar to that reported for multicomponent systems 
[68]. The loss peaks at 3x 10° Hz may be attributed to the interfacial polariza- 
tion in the two-phase composite comprising a highly resistive intergranular layer 
sandwiched between the conducting ZnO grains. 


8.3.2 Microstructural Characteristics 


Figure 8.10 shows typical micrographs of the sintered surface for the samples 
doped with 0.39 and 2.33 mol% BaO sintered at 1300 °C [6]. The primary grains 
were variable in shape, but generally, they became more rounded in specimens 
with higher BaO contents. More interestingly, grains are surrounded by a 
barium-rich grain boundary phase, which is readily soluble and can be separated 
into individual grains by treating sintered specimens with boiling water [69]. 
As shown in Figure 8.11 [69], the grains have irregular but somewhat rounded 
shapes. Dimples are found on flat surfaces and also at corners. The origin of 
these dimples is believed to be pores present at the grain interface. Those on 
the flat surfaces and at the corners of the grains respectively correspond to 
those found at the grain boundaries and those at the three grain junctions in 
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Figure 8.10 Typical micrographs of ZnO-BaO samples sintered at 1300 °C: (a) containing 
0.39 mol% BaO and (b) containing 2.33 mol% BaO. Source: Fan and Freer 1997 [6]. Reproduced 
with permission of Springer. 


(a) 


Figure 8.11 SEM micrographs of separated grains: (a) BaCO, content 4% and (b) BaCO, 
content 12%, all sintered at 1300 °C, for four hours. Source: Uematsu et al. 1989 [69]. 
Reproduced with permission of John Wiley & Sons. 


polished sections commonly used for microstructural analysis. Grains in the 
specimens having a high BaO content had fewer dimples and more rounded 
smooth surfaces. The size distribution was found to be lognormal. With an 
increasing BaO content, the grain size increased for a given sintering condition. 

The average grain sizes for doped samples are larger than those of the undoped 
ZnO ceramics and that the average grain sizes increased with the BaO content. 
It is clear that the nonlinear coefficient « is strongly influenced by the Ba content 
and the sintering temperature, which increases as the temperature increases, and 
achieves a maximum for samples sintered at 1300°C [69]. When the sintering 
temperature is increased further to 1400 °C, the a value drops slightly. Therefore, 
to achieve the optimum nonlinearity, the sintering temperature for ZnO-BaO 
ceramics must be above 1200°C. Usually, the pressed pellets were sintered for 
about two to three hours at 1250-1350 °C [66, 70]. 

Measurements of AC conductance between 30 and 350 K on the ZnO-Bi,O, 
and ZnO-BaO systems show a common electron trap whose energy level is 
0.33 eV below the conduction band [71]. The origin of this trap is likely to be 
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intrinsic to ZnO. Between two possible intrinsic origins, i.e. interstitial Zn 
atoms and oxygen vacancies, it is suggested that this trap is associated with 
the ionized oxygen vacancy. Heat treatment and sintering atmosphere can vary 
some properties such as conductivities, relative trap densities, and nonlinear 
coefficients. As the barrier height is dependent on both the applied bias voltage 
and the interface charge [71], it might be expected that the nonlinear coefficients 
follow the magnitude of the interface-state density. a may be proportional to 
the interface-state density and therefore the overall conductivity found in these 
materials. Thus, the air-sintered materials have a lower interface-state density 
than that of materials sintered using double crucibles, yielding a low nonlinear 
coefticient. Also, for materials sintered using double crucibles, the quenched 
and slow-cooled materials are expected to halve higher nonlinear coefticients 
than the annealed material [70]. 


8.3.3 Improving Stability Against Moisture 


In binary ZnO-Bi,O, ceramics, the BaO-rich phase located at the grain bound- 
aries and triple points is highly soluble in water and favors the material degra- 
dation by moisture, which leads to severe damage of the electrical properties of 
the materials and even to structural damage if they are simply kept in air. There- 
fore, improving the resistance of these materials to attack by moisture is critical 
to consider their use for commercial varistors manufacturing. 

Hoftman [72] proposed the phase diagram of the ZnO-BaO-P,O, ternary 
system, and the incorporation of a certain amount of phosphorous can lead 
to the formation of BaZn,(PO,), and Ba,(PO,), or Zn,(PO,),, depending on 
the relative amounts of BaO and P,O,; the composition would lie in one of the 
two compatibility triangles determined by ZnO-BaZn,(PO,),—Ba3(PO,), or 
ZnO-BaZn,(PO,),—Zn,(PO,)5, where none of these phases exhibit significant 
solubility in water. The incorporation of phosphorous in ceramic BaTiO, 
has been reported to control the microstructure development of the varistor 
ceramics. Furthermore, Ba,(PO,), can form at temperatures of the order of 
900 °C, playing a key role on the final microstructure and changing the electrical 
properties of the varistor ceramics [73, 74]. Caballero et al. [73] proposed the 
incorporation of P,O; to a ZnO-BaO material to improve its stability against 
moisture while maintaining its varistor characteristics. The incorporation of 
P,O; to a ZnO-BaO ceramic avoids the presence of BaO-rich phases with high 
solubility in water and leads to the formation of BaZn,(PO,), and Zn;(PO,),; 
none of these phases exhibit significant solubility in water. 


8.4 ZnO-Glass Varistor 


The chip varistor fabrication process is based on the green sheet lamination 
technology [75]. The multilayer ceramic chip varistors are miniaturized, highly 
integrated, and low power consumption devices, which are applied as surge 
protection devices in the surface-mount HIC technology [76]. ZnO -glass 
varistor is a kind of varistor ceramics for the multilayer ceramic chip varistors. 


8.4 ZnO-Glass Varistor 


Shohata and Yoshida [77] reported the effect of glass on the electrical properties 
of ZnO ceramic varistors. The samples were prepared by usual ceramic fabrica- 
tion techniques. The pressed bodies of ZnO with Bi,O,, CoO, MnO, Sb,O3, and 
glass frit (PbO—SiO,—B,O,—ZnO) were sintered at 1200°C for one hour. From 
thermally stimulated current (TSC) tests, the magnitude of the polarized charge 
increases rapidly with an increase in applied peak current and seems to be nearly 
saturated in the high-peak current region. The polarized charge of the sintered 
disk with a glass is almost one order of magnitude less than that of the sintered 
disk without the glass, in the region before saturation. This fact may suggest that 
the density of traps is reduced in this region. The deep trapping levels may be 
responsible for the degradation of J-V curves, caused by electric load, in the 
view point of the space charge polarization of trapped charge. It was concluded 
that the glass addition to ZnO ceramic varistors is effective in reducing the den- 
sity of traps and results in both the stabilization of nonohmic properties against 
the electric load and the reduction of leakage current. Later, Shohata et al. [76] 
reported that the multilayer-type ceramic varistors based on ZnO and lead zinc 
borosilicate glass instead of Bi,O, exhibit a highly nonohmic behavior in their 
V-I characteristics. The lead zinc borosilicate glass liquid-phase sinters at a low 
temperature, and the influence of the glass content on varistor properties is very 
similar to that of Bi,O, and that the microstructure shows a clear grain boundary 
segregation phenomenon, implying a similar behavior of the glass additive during 
the sintering process. 

Lee and Tseng [78] further studied the properties of ceramic varistors based on 
ZnO with lead zinc borosilicate glass instead of Bi,O,. Reagent-grade raw mate- 
rials, in the proportions of 95 mol% ZnO, 1 mol% CoO, 1 mol% MnO, 1 mol% 
Cr,O 3, and 2 mol% Sb,O, and lead zinc borosilicate glass in a 10 wt% ratio to 
the mentioned oxide mixture were used for the preparation of ZnO-glass sam- 
ples. The lead zinc borosilicate glass was composed of 58 wt% PbO, 25 wt% B,O3, 
12 wt% SiO,, and 5wt% ZnO. Among the samples sintered at various tempera- 
tures and cooled at different rates, the ZnO-glass sample sintered at 1250°C for 
one hour, then furnace cooled, possessed the best electrical properties character- 
ized by the highest nonlinear coefticient of 49 and a breakdown voltage of 542 V, 
lowest leakage current of 26 pA, and lowest degradation phenomena. 

The microstructure and crystal structure of the glass phase of ZnO-glass 
varistors were examined by means of scanning electron microscopy (as shown 
in Figure 8.12 [78]), transmission electron microscopy, and powder X-ray 
diffractometry. The glass phase was originally amorphous but crystallized 
as an intergranular layer in the sintered and furnace-cooled samples. This 
crystallized phase was a zinc borate phase (5ZnO-2B,O3), which was identified 
by X-ray diffractometry, transmission electron microscopy, and Auger electron 
spectroscopy. The zinc borate phase existed in the grain boundaries of the 
ZnO-glass samples and enhanced the nonohmic characteristics of the ceramic 
varistors. The nonohmic characteristics were enhanced if the intergranular layer 
phase increased in resistance after it recrystallized. 

Wang et al. [79] proposed another kind of ZnO-glass varistor ceramics for the 
chip varistor. Reagent-grade raw materials having a composition of 95 mol% ZnO, 
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Figure 8.12 SEM micrograph of specimen: 
A, ZnO grain; B, Zn,Sb,0,, spinel phase; and 
C, intergranular phase. Source: Yih-Shing Lee 
and Tseung-Yuen Tseng 1992 [78]. 
Reproduced with permission of John Wiley & 
Sons. 


1mol% MnO, 1 mol% CoO, 1 mol% Cr,O3, 2 mol% Sb,O3, and Pb—Zn borosili- 
cate glass in a 10 wt% ratio to the above-mentioned oxide mixture were used for 
the preparation of ZnO-glass powder. The Pb—Zn borosilicate glass was com- 
posed of 64.25 wt% PbO, 10.93 wt% SiO,, 19.25 wt% B,O3;, and 5.29 wt% ZnO. 
The raw materials and glass powder were mixed by wet milling for 24 hours and 
calcined at 600 °C for 2 hours. A tape casting method was employed for making a 
green sheet on an organic film. Following exposure to air for 24 hours, the internal 
electrodes of the Pd paste were screen printed on each green sheet. The printed 
green tapes were laminated at 100°C for one hour at a pressure of 2000 psi. The 
green tapes were cut to make a chip with dimensions 2.25 mm and were sintered 
at 1250 °C for one hour. The glass existing at the grain-boundary layer of the chip 
varistor sample was partially transformed into a crystalline zinc silicate phase 
after sintering and determined on the basis of X-ray diffraction measurement. 

By means of deep-level transient spectroscopy, Wang et al. [79] found that the 
degradation of the ZnO-glass chip varistors because of high-intensity impulse 
currents was correlated with the deep trap levels. Three electron traps located 
at 0.11, 0.27, and 0.94 eV below the conduction band were observed before cur- 
rent impulse testing. These trap energy depths of the chip varistors after current 
impulse testing were found to be almost unchanged, but their trap densities and 
capture cross sections both decreased. The concentration of the trap at 0.94 eV 
was decreased and ascribed to oxygen vacancies existing at the grain boundaries 
of the varistor. The electrical degradation phenomenon of the chip varistors is 
closely related to the reaction between the trap at 0.94 eV and adsorbed oxygen 
ions at the grain boundaries. 
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Fabrications of Low-Voltage ZnO Varistors 


Nanoparticles, smaller than 100 nm, exhibit many properties that differ from the 
respective bulk material, which can be used for various functional applications 
in the form of granular films, nanocomposites, or nanophase materials. Except 
application in high-voltage power systems, the major thrust in the varistor field 
is the production of miniaturized lightweight varistors via a safer and much 
economic processing route. The only way to achieve these high-performance, 
low-voltage varistors is to start with fine powders such as nanopowders as the 
starting materials so that fine grain and homogeneous dopant distribution are 
retained even after sintering. Researchers have suggested various approaches for 
the synthesis of doped varistor-grade multicomponent powders, accompanying 
different sintering methods to control the grain size. The high-performance 
miniaturized varistors generally possess small grain size, high breakdown filed, 
high nonlinearity, and low leakage current. These miniaturized low-voltage ZnO 
varistors can be commonly used for smoothening variable voltages in modern 
electric and electronic devices and certainly for the purpose of suppressing 
high-voltage transients in high-energy fields. 


9.1 Introduction 


Even though the solid-state fabrication methods for ZnO varistor ceramics are 
commercially attractive, a major disadvantage of the conventional solid-state 
route is the difficulty in obtaining a compositionally homogeneous microstruc- 
ture, which is particularly important for the fabrication of the miniaturized 
devices required for modern electronic and communication equipments [1]. 
Varistors prepared through the solid-state method requires high sintering 
temperature and extended sintering schedules and also have the limitations 
such as exaggerated grain growth, volatility of Bi,O, liquid phase, formation of 
undesired reactive phases, and poor stability [2-6]. 

It is known that the performance of ZnO varistors can be improved by reduc- 
ing the grain size, which allows the increased grain boundary per unit volume and 
improves the breakdown voltage [7]. The varistors normally have an average sin- 
tered grain size of 10—20 um [8], whereas for a miniaturized varistor, this has to be 
controlled well below 5 um for achieving many-fold increase in energy-handling 
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capability [1]. Another important factor to achieve high-performance varistors is 
to have the dopant distribution homogeneously throughout the grain boundary 
[9, 10]. The only way to achieve these high-performance varistors is to start with 
fine powders such as nanopowders as the starting materials so that fine grain and 
homogeneous dopant distribution is retained even after sintering. 

In order to overcome the problems associated with solid-state varistor process- 
ing, researchers have suggested various approaches for the synthesis of doped 
varistor-grade multicomponent powders. Most of these precursor development 
methods are accompanied by a secondary sample heat treatment process like 
conventional, microwave, reflux, and plasma methods for the conversion of sam- 
ple hydroxides to corresponding oxides [7]. 

High-performance miniaturized varistors generally possess high breakdown 
filed, high nonlinearity, and low leakage currents that can be commonly used 
for smoothening variable voltages in modern electric and electronic devices and 
certainly for the purpose of suppressing high-voltage transients in high-energy 
fields. In the current scenario, the major thrust in the varistor field is the produc- 
tion of miniaturized lightweight varistors via a safer and much economic pro- 
cessing route [11-14]. 

This chapter will introduce the synthesis methods of nanocrystalline ZnO 
varistor powders and the new sintering techniques for controlling the grain 
growth. Recently, Pillai and coworkers [12] and Anas et al. [1] comprehensively 
summarized the synthesis methods of ZnO nanomaterials for varistor devices. 
This chapter is based on their works. 


9.2 Exaggerating Grain Growth by Seed Grains 


For low-voltage varistor devices, such as 6 V, their thicknesses should be small 
(usually less than 100 um). In order to obtain low-voltage devices having arbi- 
trary threshold voltages, one way is to exaggerate the grain size. Usually, the grain 
size is increased by sintering at much higher temperatures or for much longer 
times [15]. However, even if sintered at 1400°C, the average ZnO grain size is 
still smaller than 50 um. Furthermore, such high-temperature sintering results in 
the vaporization of Bi,O, from the sintered body, which is the main additive to 
form the nonlinearity of the varistor ceramics, so that the nonlinear property is 
damaged. Eda et al. [16] reported a method called “seed grain method” to obtain 
low-voltage ZnO varistors having a large grain size without sintering at much 
higher temperatures and for much longer times. The device is made by sintering 
a mixture of ZnO fine powder, additives, and ZnO seed grains with grain sizes 
of 63-105 um, which were obtained by washing a ZnO-sintered body contain- 
ing BaO in boiling water. The obtained ceramic device had a grain size around 
500 um and a low threshold voltage of 6 V mm™!. 

Such anomalous grain growth is caused by the difference between the radii of 
curvature of ZnO fine powder and ZnO seed grains [16]. The surface energy at the 
grain boundary depends on the radius of curvature of the grain boundary. Atoms 
at the concave side surface have less surface energy than those at the convex side 
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surface. Therefore, the jumping probability of atoms from the convex side surface 
to concave side surface is larger than that from the concave side surface to the 
convex side surface. Consequently, the concave side grows by absorbing small 
grains. The energy difference across a curved grain boundary is given by [17] 


AF =yV (+-2) (9.1) 


where AF is the change in free energy ongoing across the curved interface, y is the 
boundary energy, V is the molar volume, and r, and r, are the principle radii of 
the curvature. It is known that the growth rate is approximately proportional to 
AF [17]. Therefore, the giant grain can easily grow by absorbing the small grains. 

Furthermore, much larger single crystals can be obtained by repeating the seed 
grain method, such as ZnO single-crystal particles having grain sizes of more 
than 500 um [15]. 


9.3 Synthesis of Nanocrystalline ZnO Varistor Powders 


Nanosized powders are helpful to solve many limitations of conventional 
fabrication method of ZnO varistors [9, 18]. It has been confirmed that the 
nanocrystalline varistor grain has a large grain boundary volume that can 
generate more active grain boundaries per unit varistor volume [19, 20]. Because 
of the high surface area, nanopowders show benefits such as low-temperature 
sintering, reduction in ZnO grain size, and three to four times increase in the 
varistors performance [20-23]. 

Many techniques have been developed to make nanocrystalline ZnO powders, 
which include sol-gel [8, 24—41], citrate gel [2, 13, 42, 43], urea decomposition 
[4, 42, 44], microemulsion [45], coprecipitation [46—48], intensive mechanical 
milling [49, 50], microemulsion [51], microwave [52, 53], thermal oxidation [54], 
metallorganic method [19], organometallic [9], spray pyrolysis [55], solution coat- 
ing [13, 21, 56] combustion synthesis [57—59], and templated grain growth [60]. 
All these methods can be simply classified into gas-phase, solution-phase, or 
sol-gel methods [9]. 


9.3.1 Gas-Phase Processing Methods 


Gas-phase processing methods have the following inherent advantages [61]: 
the gas-phase processes are generally purer than the liquid-based processes 
because even the most ultrapure water contains traces of minerals, detrimental 
for electronic-grade semiconductors, while these impurities can be avoided 
only in vacuum and gas-phase processing systems. Furthermore, the gas-phase 
processes for particle synthesis are usually continuous processes, whereas 
liquid-based synthesis processes or milling processes are often performed in 
a batch form. Batch processes can result in various product characteristics 
from one batch to another. Therefore, the gas-phase processing methods can 
guarantee the same performances for one powder. 
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Gas-phase processing methods have been applied to synthesize nanopowders 
for sintering high-quality ZnO varistor ceramics. Gas discharge and plasma 
techniques [62-64] have been used to produce spherical nanopowders, with 
a narrow size distribution, the powders are homogeneous, and there is little 
agglomeration. 

Li et al. [62] suggested a so-called hydrothermal discharging gas method to 
prepare ZnO powders. First, the solution containing the ions of prepared oxide 
is filled in the autoclave. When the autoclave is heated to the desired temperature 
for a period, the discharge valve under high pressure is opened to release the gas 
and vapor in the autoclave. After the vessel is cooled to room temperature, the 
solution is washed and filtered to obtain the ZnO powders. 

Lu et al. [63] proposed a gas discharge-activated reaction evaporation 
(GDARE) technique to produce nanopowders for sintering high-quality ZnO 
varistor films, in which the synthetic parameters are simply optimized and 
desired properties can be obtained by changing the preparation parameters. 
Finely ground zinc powder is vaporized in a molybdenum boat, and then a 
high voltage is applied between this evaporation source and the indium tin 
oxide (ITO) or glass substrate. Finally, the plasma thus produced activates the 
oxygen gas present, which then reacts with the zinc vapor, forming a ZnO 
film on the substrate. Atomic force microscopy (AFM) studies showed that the 
thin films had polycrystalline structures with grain sizes ranging from 50 to 
200 nm. The nonlinear coefficient of a single-coated thin film was 33 and that of 
a triple-coated sample was reported as 62. It was concluded that the ZnO thin 
films prepared by GDARE consists of a higher number of active grain boundaries 
capable of absorbing oxygen that effectively generates many electronic trapping 
states, leading to the creation of Schottky barriers at the grain boundary region. 

Lin et al. [64] employed the plasma pyrolysis technology to synthesize 
nanometer size precursor powders of ZnO and various additives com- 
bined with chemical coprecipitation method, in which, first, ZnSO, and 
NH,HCO,/NH,-H,0O solutions were used as the precursors for the preparation 
of a nanometer Zn;CO,(OH), intermediate, which was then ultrasonically dis- 
persed in NH,HCO, solution, and nitrates of Sb, Bi, Co, Y, and Mn, and antimony 
trichloride was added to the dispersion; secondly, the complex precipitate was 
further filtered, washed, and dried; finally, the dried powders were pyrolyzed by 
plasma technology. The powders were carried by N,:O, carrier gases and passed 
through the reaction chamber for only a few seconds, the high-temperature 
plasma caused the precursor to pyrolyze very quickly, and hence, this guaranteed 
to obtain nanometer powders. Transmission electron microscope (TEM) and 
Brunauer—Emmett-Teller (BET) studies showed that the ZnO and additive 
composite powders were composed of spherical particles of a size ranging 
from 10 to 50nm with a narrow size distribution. Varistors were fabricated by 
sintering the doped ZnO nanomaterial at a temperature of 1050°C. Scanning 
electron microscopy (SEM) results showed that the grain size of the varistors was 
about 0.3-1.5 um with the average size of 1 um, and the prepared ZnO-based 
varistor ceramics had excellent electrical properties with the breakdown voltage 
of 500 V mm, the nonlinear coefticient of ~54, and the leakage current only of 
0.1 pA. The combination of the nanoparticle size, spherical shape, and narrow 
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particle size distribution was proposed to be responsible for the decrease in the 
sintering temperature and enhanced electrical properties. 


9.3.2 Combustion Synthesis 


The combustion synthesis appears to be the foremost choice when it comes to the 
large-scale economical production of nanopowders [65], which uses the mixture 
of reactants that oxidize easily (such as nitrates) and a stable organic fuel (e.g. 
urea and CO(NH;),) that acts as a reducing agent [12, 59, 66]. The mixture is 
boiled until it ignites and a self-sustaining and rather fast combustion reaction 
takes place, resulting in a dry, usually crystalline and unagglomerated, fine oxide 
powder. Using this method, pure and doped ZnO powders can be synthesized 
from the mixtures of the relevant water-soluble metal nitrates and urea as the 
fuel. The mixtures are ignited at 500°C resulting in the varistor precursor with 
particle sizes in dozens of nanometers [58]. 

Hembram et al. [7] synthesized nanocrystalline (15—250 nm) ZnO powders by 
the chemical combustion method. A breakdown voltage as high as 940 V mm7! 
anda nonlinear coefticient as high as 134, which was calculated from the voltages 
at 0.1 and 1 mA cm”, were obtained from the varistor made at certain conditions 
(powder calcined at 550 °C for one hour with a composition of 88 wt% ZnO). This 
enhancement of breakdown is due to smaller ZnO grain size (~2.5 pm) compared 
to the commercial one (10-25 um). Although high nonlinear coefficient may be 
due to better densification of the samples, it results in better ZnO matrix grain 
to grain contact, better homogeneous distribution of dopants, and lower grain 
boundary thickness. XPS results indicate that Co?* and Mn?* have been doped 
in ZnO grains, which enhance the conductivity of the varistor after breakdown. It 
is also known that transition metal oxides such as Co and Mn generally improve 
the nonlinear coefticient at lower current density region because of the increase 
in barrier height by trapping of electrons [67]. The leakage current density as low 
as ~1.29 pA cm~? was obtained from the varistors made from powder calcined at 
750°C for one hour for the composition of 82 wt% ZnO. As the dopant concen- 
trations were increased, the electrical properties including the breakdown voltage 
and the coefficient of nonlinearity slowly deteriorated [7]. 

Briefly, the combustion synthesis technique can be used to successfully produce 
pure and doped crystalline ZnO varistor powders, with good compositional con- 
trol. The combustion synthesis route enables the synthesis at low temperature, 
and the products obtained are in a finely divided state with large surface areas [7]. 
Combustion synthesis offers as added advantages [7] the surprisingly short time 
between the preparation of the reactants and the availability of the final product 
and the savings in external energy consumption. 


9.3.3 Sol-Gel Methods 


Anas et al. well summarized the sol-gel materials for varistor devices [1]. 
The sol-gel methods have definite advantages over other chemical methods 
in the production of varistor powders [12, 31, 37, 68], including atomic level 
mixing of reactants, homogeneous distribution of low-level dopants and 
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additives, hydrolysis and polycondensation reactions at room/low tempera- 
tures, preparation of particles with interactions through weak forces such as 
van der Waals/hydrogen bonded forces, formation of stable oxide network, 
size-controlled particle formation through pH, and concentration controls [1]. 
Most of the sol-gel syntheses adopt green chemical route. Multicomponent 
compounds can be prepared through sol-gel methods with a strict control in 
the stoichiometry by merely mixing sols of different compounds. 

Sol-gel techniques have been utilized for fabricating varistor ceramics 
[12, 33, 34, 40]. The flow diagram for sol-gel synthesis of ZnO varistors is shown 
in Figure 9.1 [1]. Generally, two different approaches are used: the first involves 
the sol-gel preparation of ZnO and the subsequent addition of solid dopant 
metal oxides and the second one prepares the gel from the precursor solutions 
of the zinc and metal additives. It has been confirmed that the sol-gel processes 
result in the generation of “nanoparticles” [12, 35, 40]. 

Many successful works on the wet chemical sol-gel synthesis of varistor pow- 
ders have been reported since early 1980s. Lauf and Bond [34] did the pioneer 
work on the sol-gel varistors. Hohenberger and Tomandl [31] prepared ZnO 
varistor powders using inexpensive source materials. In their method, two solu- 
tions were prepared: hot water of 90°C contained the acetates of Zn, Co, and 
Mn and H,BO, as a concentrated solution, while all other dopants, including 
Sb-acetate and nitrates of Bi, Cr, and Al, were dissolved in an excess of ethy- 
lene glycol. The volume ratio of the water solution to ethylene glycol was smaller 


Stabilizing 
< 


Condensation 


Figure 9.1 The flow diagram for sol-gel synthesis of varistors with zinc oxide as the matrix. 
Source: Adapted from Anas et al. [1]. 
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than 3:1. The two solutions were mixed by shaking for a few seconds in a closed 
bottle to precipitate an antimony compound. On cooling, the solution became 
solid and formed a microcrystalline gel of Zn acetate, which crystallized upon the 
antimony seeds. Because of the rapid growth, the crystals contained metal ions 
existing in the solution or were covered with them, respectively. Solvent removal 
was done by freeze drying, as heating of the gel would redissolve the Zn acetate. 

Pillai et al. [20] prepared nanoparticles and nanowires using novel sol-gel 
synthetic procedures according to the scheme shown in Figure 9.1. ZnO precur- 
sor gels were initially prepared by the reaction of an ethanolic solution of zinc 
acetate and ethanolic solution of oxalic acid. The gel was then dried at 80°C 
and calcined at 500°C for two hours. This produced ZnO nanoparticles with 
the size of 30nm. In a further experiment, two chemical modifiers (ethylene 
glycol and diethanolamine) were added to the ethanolic solution of zinc acetate 
before the addition of the ethanolic solution of oxalic acid. Field emission 
scanning microscopy (FESEM) revealed that the powder had a fibrous structure 
containing elongated bundles with a width of 100 nm and a length of 2—4 um, as 
shown in Figure 9.2a,b. Further, this material (nanoarray ZnO) was subsequently 
suspended in ethanol and ultrasonicated for 40 minutes to separate the individ- 
ual wires from the bundle, as shown in Figure 9.2c; these wires were composed 
of approximately spherical nanoparticles with an average diameter of 21 nm and 
self-assembled to form one-dimensional arrays with a length of 2—41m. The 
wires annealed at 500°C were further calcined to 1000°C, and FESEM images 
showed that the individual particles were sintered together to form continuous 
wires of width 0.3-0.4 um and length 10-20 um, as shown in Figure 9.2d. 


Figure 9.2 Electron microscopy images of nanoarray ZnO. (a) and (b) FESEM after calcination 
at 500 °C; (c) TEM of a single array of ZnO nanoparticle separated by ultrasonication in ethanol; 
(d) FESEM of nanoarray ZnO calcined at 1000 °C. Source: Pillai et al. 2004 [20]. Reproduced with 
permission of Springer. 
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(a) (b) 


Figure 9.3 (a) TEM and (b) HRTEM images of the nanopowder synthesized by the liquid route. 
Source: Savary et al. 2011 [69]. Reproduced with permission of Elsevier. 


Savary et al. [69] developed a liquid synthesis route for the preparation 
of the varistors powder. Zinc acetate was first dissolved in absolute ethanol, 
and the dopants were added to the solution from metal oxides powders. The 
resulting solution was stirred for one hour at 70 °C to achieve a good dissolution 
of the precursors. An oxalic acid solution was then poured, leading to the 
precipitation of zinc oxalate. The latter was dried under infrared lamps and 
calcined in air at 400°C for one hour to get the zinc-oxide-based powder [70]. 
Using TEM (Figure 9.3a), the ZnO particles appeared to be nanocrystalline 
with a nearly spherical shape and a very narrow particle size distribution. The 
BET-specific surface area of the powder was 53 m? g~t. The grain diameter was 
estimated as 19nm. Moreover, on the high-resolution TEM (HRTEM) image, 
the characteristic contrast of a well-crystallized phase is also evident as shown in 
Figure 9.3b [67]. 

Cheng et al. [29] sintered the sol—gel-derived powers at 900°C for two hours. 
Figure 9.4 shows the J-V characteristic plot of varistors sintered by sol-gel-made 
powders under different Al,O, content. For the ZnO varistor ceramics with 
0.4. wt% AI, O;, the breakdown voltage is 1160 V mm, and the average grain size 
is 3 um. The sol—gel-derived samples showed a smaller grain size and narrower 
size distribution and possessed higher breakdown voltage than the conventional. 
In addition, some reports revealed that the homogeneity of microstructure plays 
an important role in determining the electrical properties of ZnO varistors 
[19, 71]. Ramirez et al. [72] indicated that the number of active grain boundaries 
is concerned with the homogeneity of the microstructure, larger grain size, and 
wider grain size distribution and leads to the decrease of the number, hence the 
breakdown voltage occurs [4, 73]. Higher breakdown voltage could be attributed 
to the smaller grain size and larger number of active grain boundaries. Therefore, 
the increase in breakdown voltage obtained could be ascribed to the smaller 
grain size and the improvement of homogeneity, which leads to the formation 
of more active grain boundaries per unit volume. Energy-handling capability 
is crucial for applications in transient surge suppression, which is defined as 
the amount of energy that a varistor can absorb before it fails. The square wave 
(also called as rectangular wave) energy-handling capability was measured using 
2ms current square impulse. Results showed that the sol—gel-derived samples 
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Figure 9.4 The /-V characteristics plot of varistors sintered by sol-gel-made powders under 
different Al,O, contents. Source: Cheng et al. 2012 [29]. Redrawn with permission from 
Elsevier. 


had better energy absorption capability than the conventional samples, which 
was improved with the donor doping of Al,O,. The value is 200Jcm7* for 
conventional samples, whereas for samples obtained from the sol-gel method, 
the values are 323, 350, and 393Jcm™ as the contents of Al,O, increased, 
respectively. This result may be due to the improvement in the microstructure 
homogeneity of the sol—gel-derived Al,O,-doping ZnO varistor ceramics. 


9.3.4 Solution-Coating Method 


High-performance varistors can also be accomplished by performing wet chem- 
ical syntheses. Among the methods employed, the solution-coating method 
stands out as the best one for the effective distribution of dopants at the varistor 
grain boundaries [5, 6]. In this method, the ZnO particles are coated with 
additives such as Bi,O3, Sb,O3, Co,O3, Cr,O3, and other minor dopants via 
liquid nanocoating technique. Different solution-coating methods were reported 
by many researchers to coat various minor additives and dopants over ZnO 
surfaces. 

Haile et al. [46] synthesized nanosized, well-dispersed spherical powders 
easily and reproducibly by aqueous precipitation, and chemical coating of 
these powders can also be achieved fairly uniformly by precipitation. Varistors 
prepared by this chemical method display electrical properties superior to 
those for conventionally prepared samples. A possible precipitation mechanism 
[46] for ZnO is that the ZnO particle precipitates out of the solution, and the 
surface-active ethanol amines attach to it. This produces steric stabilization, 
and as the ethanol amines are more soluble in ethanol than in water, a diffuse 
layer of ethanol-rich liquid around the particle is created. The zinc cation is, 
however, more soluble in water, and growth is therefore controlled by the 
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Figure 9.5 Comparison of current density vs electrical field curves of chemically prepared and 
conventional prepared ZnO varistor ceramics. Source: Haile et al. 1989 [46]. Reproduced with 
permission of John Wiley & Sons. 


diffusion of Zn?* ions through the ethanol-rich layer. Controlling the growth 
process in this manner by “evening-out” the surface energies and growth rates 
of different crystallographic faces with the attachment of ethanol amine leads 
to spherical particles. As shown in Figure 9.5, compared with the conventional 
ball-milled prepared samples, the chemically prepared varistor also shows a 
much more distinct change in behavior from ohmic to nonohmic, the maximum 
nonlinearity coefticient is 44, and the breakdown voltage reaches 1.8 kV cm", 
whereas the respective ones are 15 and 1.8 kV cm~! for the conventional pre- 
pared samples. The resistivity at low voltage of the chemically prepared varistor 
reaches 5x 10! Qcm, which is much higher than that of the conventional 
one (10! Q cm). All these advantages have been argued to result from greater 
microstructural homogeneity. 

Pillai et al. [24] prepared ZnO nanoparticles by the reaction of ethanolic solu- 
tions of zinc acetate and oxalic acid followed by drying at 80°C and calcinating 
at 500°C, and then ZnO nanoparticles were dispersed in ethanol with dissolved 
additive metal salts to form “core shell’-type varistor powders. First, nano-ZnO 
was dispersed in ethanol and ultrasonicated for 40 minutes. Then, an ethanolic 
solution of antimony chloride and cobalt chloride hexahydrate and an acetonic 
solution of bismuth chloride were added to the ethanolic suspension of zinc 
oxide and stirred for five minutes. Ammonium carbonate was added to the 
above solution and stirred for 10 minutes. An ethanolic solution of nickel acetate 
tetrahydrate, manganese acetate tetrahydrate, chromium nitrate nonahydrate, 
and aluminum nitrate nonahydrate was added to the above mixture and stirred 
for 20 minutes. The material thus obtained was dried in an oven at 80°C and 
further calcined at 300°C. This mixture was then plastified with one drop each 
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Figure 9.6 HRTEM of ZnO nanoparticles coated with oxides of Sb, Bi, and Co precursors. 
Source: Pillai et al. 2003 [24]. Reproduced with permission of RSC. 


of 10% aqueous solution of poly(vinyl alcohol) and poly(ethylene glycol) and 
gum arabic. This mixture was further dried in a 100°C oven for five minutes 
and pelletized. The microscopic analyses of the resultant powder showed that 
the ZnO composite powder was homogeneously coated and ultrafine. Figure 9.6 
shows the HRTEM images of ZnO nanoparticles coated with oxides of Sb, Bi, 
and Co precursors, the coating thickness is about 4-10 nm [24]. Subsequently, 
varistor powders were fabricated at 1050°C for two hours. The “core shell” 
samples achieved a high densification of 97.21%. Compared with commercial 
varistor samples prepared under similar conditions, “core shell’-type varistor 
ceramics showed considerably higher breakdown voltage of 850 V mm! as 
compared to a sample prepared by mixing with commercial varistor disks 
(507 V mm=!). The high breakdown voltage obtained is attributed to the forma- 
tion of more varistor-active grain boundaries per unit area. Figure 9.7 indicates 
a comparatively smaller average grain size (1.5 pm) for “core shell” samples 


(a) (b) 


Figure 9.7 FESEM images of (a) the “core-shell” and (b) commercial varistor ceramics sintered 
at 1050 °C for two hours. Source: Pillai et al. 2003 [24]. Reproduced with permission of RSC. 
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compared to the commercial samples (3 pm), and the grains of “core shell” 
sample have a more uniform distribution [24]. 

Similar work was done by Li et al. [5], and the resultant varistors prepared 
through the nanocoating method showed a high threshold voltage (540 V mm7!) 
and a nonlinear coefficient (a = 50). Yuan and Ryu [74] tried to deposit a homo- 
geneous layer of Bi O, over ZnO through nanocoating, and effective distribution 
of dopants at the grain boundaries were achieved. 

Table 9.1 summarized the grain sizes, densities, breakdown voltages, and 
nonlinear coefficients of ZnO varistors sintered by chemically synthesized 
nanopowders, TD means theoretic density. The highest breakdown voltage 
reaches 3300 Vmm_! [33], and the highest nonlinear coefticient reaches 270 
[37]. Many methods can control the average grain size smaller than 2 um, the 
respective breakdown voltage about 1 kV mm], and the nonlinear coefticient 
around 50. 


Table 9.1 Properties of ZnO varistors sintered by chemically synthesized nanopowders. 


Sintering 
temperature 
(processing Grain size Density Breakdownvoltage Nonlinear 
method) (um) (gm?) (Vmm-') coefficient References 
950°C/2h <2 5.0 557 34 [28 
(thermogelation) 
1050°C/2h <4 Sul, 493 36 [28 
(thermogelation) 
1150°C/2h <8 5.4 323 16 [28 
(thermogelation) 
1100°C/1h 4-8 96%TD 1000 40 [47 
(colloidal-gel) 
1150°C/4h 8.8 249 37 [39 
(solution coating) 
950°C/2h (sol-gel <2 >98%TD >1000 >45 [75 
method) 

150°C/1h 98%TD 515 35 [43 
(citrate gel) 

150°C/1h (urea) 94%TD 280 21 [43 
940°C for 1-5h 1-2.5 98%TD 1500 78 [19 
(metal-organic 
polymeric method) 

100°C/2h 0.85 53 40-60 [76 
(sol-gel method) 
1050°C (sol-gel 5.38, 96%TD 786 34 [20 
condensation) 

050°C/2h 2 5.58, 941 33 [11 
(sol-gel mixed 99.6%TD 
precursor route) 
950°C/1h (sol-gel 4.4 3300 [33 


method) 


Table 9.1 (Continued) 


9.3 Synthesis of Nanocrystalline ZnO Varistor Powders 


Sintering 
temperature 
(processing 
method) 


900 °C/2h (sol-gel 
method) 
1150°C/2h 
(Xanthan gum as a 
polymerization 
agent) 

1100°C/2h 
(sol-gel method) 
1050°C/1.5h 
(solution 
nanocoating 
technique) 

Spark plasma 
sintering 

600-650 °C/15 min 
(organometallic 
approach) 

Step sintering 

900 °C/6 h (sol-gel 
method) 

Step sintering 
825°C/10h 
(modified Pechini 
polymeric complex 
method) 
1100°C/0.5h 
(Amine 
processing) 
750°C/2h 
(precipitation) 
1050°C/2h 
(core-shell) 
1200°C/2h 
(microemulsion) 
1050°C/1.5h 
(plasma pyrolysis) 
1150°C/1h 
(citrate gel) 


1050°C/2h 
(plasma pyrolysis) 


Grain size Density 


(um) (gm-?) 

3 54 

4-10 5.52, 
95.5%TD 

24 5.42, 
96.8% TD 

4.78 5.38 


0.3-1 5.9-6.1, 


94-97%TD 
16 5.47, 

97.5% TD 
~0.6 ~100%TD 
3.9 
15 5.45, 

97.2%TD 
1 

98%TD 
~2 


Breakdownvoltage Nonlinear 


(V mm7’) coefficient References 
1160 29] 
310 27 35] 
438 16.5 41) 
540 50 5] 
1066-1095 5.6-5.8 9) 
1192 36 
2000 270 19 
711 50 77 
3000 50 52) 
850 33 24 
450 83 51 
500 54 64 
515 35 42 
656 78 
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9.4 Nanofillers in ZnO Varistor Ceramics 


Usually, the conventional ZnO varistors should be sintering at high tempera- 
ture to reduce nano- to microscale interstitial porosities and densify the varistor 
ceramics. However, high sintering temperatures cause excessive grain growth 
in ZnO varistors. By the use of nanopowders as nanoadditives or nanofillers to 
the commercially available spray-dried micron-sized granules, the nanopowder 
enters into the pores of the micropowder and fills the varistor interstitial voids 
[1]. This will not only increase the particle packing but also yields high particle 
contact area, which favors accelerated densification at comparatively low tem- 
peratures. The resultant composite varistor powder produces sintered varistor 
ceramics with significant grain size reduction and possesses sintered microstruc- 
tures with distributions of nano- and micrograins, called as a bimodal grain size 
distribution. In either case, an effective increase in the number of ZnO grains 
within a specific varistor volume can be achieved [1]. The microstructure modi- 
fications as expected in the nanofiller-based composite varistor approach can be 
depicted schematically as Figure 9.8 [14]. 

In addition to the grain size reduction, high densification, higher breakdown 
voltage, and better nonlinearity, the nanofiller addition also helps the varistor 
industries to have many practical advantages [14]. The blending of nanofillers 
with a commercial micron-sized varistor powder simply by dry or wet milling 
can easily be introduced as an intermediate unit operation during varistor man- 
ufacturing. Varistors made out of such nanofillers not only promises high-energy 
field varistors but also provide a huge potential to miniaturize varistors at low 
production cost. Hence, this method can be taken as a “nanofiller” for the 
manufacturing of varistors. 

Anas et al. [14] reported that only a 5 wt% addition of the nanofiller resulted 
a varistor with 99% theoretical density, average sintered grain size of 11m, 


Microvaristor Nanovaristor Nanofillered varistor 
DA 


Before sintering 


After sintering 


we S| 


Figure 9.8 Schematic representation of the “nano/micro composite” or “nanofiller” approach 
for the high energy field varistors. Source: Anas et al. 2013 [14]. Reproduced with permission of 
John Wiley & Sons. 


9.5 Sintering Techniques to Control Grain Growth 


breakdown voltage of 875 Vmm_-!, and nonlinear coefficient of 31, when com- 
pared to the commercial sample with an average grain size of 6 um, breakdown 
voltage of 421 V mm™t, and nonlinear coefficient of 17, which were processed 
under similar sintering conditions at <1100°C. 

Other than the grain size control, step-sintering reduces the formation of spinel 
phase for the nano and nanofillered varistors. In conventional high-temperature 
sintering, the spinel phase occurs predominantly as a major phase. However, it 
is clear from the powder X-ray analysis that the step-sintered varistors show a 
negligible presence of the spinel phase (Zn,Sb,O,,) [14]. The control in the for- 
mation of the spinel phase by the step-sintered samples was also observed earlier 
in the sol-gel-derived varistors when step-sintering was performed above 900°C 
[20]. The TEM-EDS (energy dispersive spectrometry) images of the step-sintered 
varistors derived from the nanopowder samples further revealed the presence of 
various minor ingredients in the sample. This compositional analysis indirectly 
indicates the advantages of the precipitation-reflux synthesis adopted for the 
nanofiller preparations. As the refluxing is done only after the precipitation of all 
the minor ingredients (Bi, Sb, Co, and Cr) at their respective pH, the above work 
offers stoichiometry in varistor preparation and additive homogeneity in the pre- 
pared varistors [14]. It further proves the homogeneity of the dopant ions among 
ZnO grains at the atomic level. Thus, Anas et al. [14] confirmed that by adopting 
the step-sintering method and including the nanofillers in varistor preparations, 
varistors with controlled grain size and spinel phase formation can be achieved. 


9.5 Sintering Techniques to Control Grain Growth 


The sintering process and grain growth occurred simultaneously, and grain 
grows considerably at high temperature. Therefore, the grain growth at high 
sintering temperature still remains a significant challenge for developing minia- 
turized varistor devices. By carefully controlling the microstructure, through 
nanostructuring by chemical routes, it should be possible to produce varistors 
with high breakdown voltage, as this is proportional to the number of active 
grain boundaries in the sintered body. This property is particularly important 
for the production of the small-sized varistors needed for modern electronic 
instruments such as tablet computers and mobile phones [9]. Uncontrolled 
grain growth at higher temperature is highlighted as a major challenge for 
obtaining desirable electrical properties for nanovaristors. Various sintering 
techniques such as step-sintering, spark plasma, and microwave sintering 
methods are expected to deliver a varistor with controlled grain growth and 
optimum electrical characteristics. An outstanding output by these techniques 
is that the breakdown voltage might be increased several-fold if one could sinter 
the material to full density with submicron grain size [9]. 


9.5.1 Step-sintering Approach 


The step-sintering approach [36] realizes the production of a fully sintered 
varistor ceramic at a lower temperature, which employs two or more steps 
in the heating schedule. The ceramic disk is initially heated in a furnace at a 
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higher temperature to achieve a reasonably good density, then cooled down, 
and retained at a slightly lower temperature for several hours [9]. Such a 
step-sintering procedure has been tried for the preparation of varistor materials 
[19, 36, 79]. 

In a typical two-step sintering schedule, the samples were heated to 1000°C, 
then allowed to cool for over 30 minutes to 900°C, and held there for six hours. 
Considerably, higher breakdown voltage of 1192 V mm™! was obtained for the 
varistors made from nanosample [9]. Another example is, a sintered density 
higher than 99%, submicron grain size and superior electrical properties with 
breakdown voltage of 2050 V mm™!, and nonlinear coefficient of 96 were 
reported [40], the SEM micrographs of normal and two-step sintered samples 
are presented in Figure 9.9; for the sample in Figure 9.9b, the average grain 
size is only 0.75 pm. Duran et al. [19] developed ZnO varistor ceramics by 
two-step sintering, with the grain size of <1 um, nonlinear coefticient of 70, 
and breakdown voltage (at 1 mA cm~?) of >1500 V mm™!. The high electrical 
performance of the doped-ZnO dense ceramics is attributed to liquid-phase 
recession on cooling, which enhances the ZnO-ZnO direct contacts and the 
potential barrier effect. The longer the temperature holding time in the second 
step is, the smaller the size is [40]. 


9.5.2 Microwave Sintering Method 


The microwave sintering method has received much attention in recent years 
[9, 41, 80, 81], which is more rapid than conventional sintering and the grain 
growth can be well controlled [69]. Compared with the conventional heating 
process, the microwave-assisted sintering provides an energy-efficient, green, 
and convenient method for producing ceramic materials [82-86], signifi- 
cantly improves electrical properties, and enhances the overall densification 
of ZnO varistor ceramics and the reaction kinetics between different phases; 


(a) 


Figure 9.9 SEM images of samples (a) normally sintered at 1150 °C and (b) two-step sintered 
(sintered at 950 °C for five minutes and then cooled to 825 °C and held for 10 hours.). Source: 
Ya et al. 1997 [40]. Modified with permission from Elsevier. 
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Figure 9.10 Comparison of varistor sintering in a conventional furnace (CVF) by infra-red 
heating (I.R.) and in a microwave (MW) furnace. Source: Savary et al. 2011 [69]. Reproduced 
with permission of Elsevier. 


furthermore, faster dopant diftusion in microwaves is suggested from donor-state 
concentration measurements [69]. A better distribution of dopants and homoge- 
neous sintering temperature inside the bulk of the ceramics are also reported as 
unique features of microwave sintering, as shown in Figure 9.10 [69]. The grain 
sizes in the case of microwave-sintered samples are smaller, and their distribu- 
tion is found to be more uniform when compared to the conventionally sintered 
one by employing the same processing conditions [23]. These “microwave 
effects” may increase in the migration of atoms via peculiar phenomena such as 
electromigration or field-induced pressure. A preferential microwave heating 
of the Bi,O, phase could also be a likely explanation for microwave-enhanced 
reactivity phenomenon. 

With an ultrahigh heating rate (up to ~82°Cs~'), Xu et al. [87] have reported 
that microwave sintering of undoped 1 ym ZnO powder provides an almost fully 
densified structure with a final grain size of ~4mm. At least, 900°C is required 
to attain a high density for pure ZnO materials in microwave-sintered ZnO [88]. 
Roy et al. [89] sintered two initial particle sizes of 30 and 100 nm at 800°C. The 
results showed that 30 nm powder compacts densified to 99% theoretical density. 
Therefore, nanostructured ceramics can be obtained with nearly full densities. 

Savary et al. [69] reported that the breakdown voltage E, of samples by 
the microwave sintering reached 575 V mm™t, which was more than four 
times the value of E, for conventional sintering. This is obviously explained 
by the difference in grain size. The SEM images of the samples are given in 
Figure 9.11, and the average grain size is 2.5 and 4.2 pm for microwave-sintered 
ceramics and conventional sintered ones. In the case of conventional sintered 
samples, the breakdown voltages are always lower than that obtained for 
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(a) (b) 


Figure 9.11 Comparison of SEM images of (a) microwave-sintered sample at 1100°C/0.5h 
and (b) conventionally sintered sample at 1100 °C/0.5 h. Source: Savary et al. 2011 [69]. 
Reproduced with permission of Elsevier. 


the microwave-sintered samples. Subasri et al. [23] compared the electrical 
properties obtained using a microwave-sintering technique and those obtained 
ona conventionally sintered material as well as those of a commercially available 
product. The microwave-sintered doped nanocrystalline ZnO yielded 98% 
dense bodies and a breakdown voltage of 960 V mm}, a leakage current of 
0.25 pA cm~?, and a nonlinear coefficient of 70 when compared to 430 V mm"!, 
1.2 pAcm™, and 118 as measured for a conventionally sintered compact. 

Investigations have been carried out on sintering of varistor materials using 
microwaves (2.45 GHz) and millimeter waves (24 GHz) [87, 90, 91]. Lee et al. [90] 
and Lin et al. [91] had sintered Bi,O,-based varistor materials using both 2.45 and 
24 GHz radiation. They found that better properties were achieved with millime- 
ter waves when compared to microwaves at a sintering temperature of 1100°C 
with a soaking time of 10 minutes. 

Overall, the microwave-sintering method has yielded such benefits as a rapid 
sintering rate, high densification, fine grain size, and uniformly distributed pro- 
duction. From a practical point of view, the enhanced reactivity by microwaves 
opens new ways for producing faster and cheaper high-performance functional 
ceramics [69]. 

It has been speculated that the presence of 6-Bi,O,, one of the fastest 
oxygen-ion conductors, plays a vital role in the varistor stability especially 
while annealing in air [92]. The microwave-sintered samples show 6-Bi,O; 
phase composition ranging from 3% to 6% when compared to ~1.9% in a 
conventionally sintered sample at 1100°C for 30 minutes, and this could lead 
to that microwave-sintered samples have higher breakdown voltage and low 
leakage current [23]. 


9.5.3 Spark Plasma Sintering Technique 


Spark plasma sintering (SPS) or pulsed electric current sintering (PECS) tech- 
nique is another powerful method [9, 39, 93-95], which is an effective process 
to densify difticult-to-sinter materials in a very short time at a lower tempera- 
ture. This process itself is similar to conventional hot pressing; i.e. the powder 
precursors are located in a die made of an electrically conducting material, and 
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a uniaxial pressure is applied during the sintering. However, instead of heating 
with an external source, a pulsed DC current is applied, which passes through 
the pressure die as well as the sample, so that the sample is heated from outside 
and inside. In addition to heat and pressure, this process utilizes the self-heating 
action caused by spark discharges between the particles, which promote material 
transfer and enhance the densification. Thus, the SPS process might be advan- 
tageous in suppressing exaggerated grain growth [94]. New properties such as 
higher density and smaller grain size are often expected because of the special 
sintering mechanism. 

SPS combines the application of both pressure and pulsed DC current directly 
on the ceramic sample [39, 93, 94], which transiently produces spark plasma 
at high temperatures between particles by the low-voltage DC pulse [39]. SPS 
method is found to be highly effective in sintering ZnO nanomaterials for varis- 
tor applications [9, 93-95]. The major interest of SPS [39], when the sintering 
parameters have been mastered, is linked to the extreme rapidity of the ther- 
mal treatment. Thus, the consolidation time is greatly decreased from hours, 
in the case of the conventional sintering, to few minutes for the SPS process- 
ing. Moreover, the sintering temperature can be diminished by a few hundred 
degrees compared to conventional sintering [9]. The sintering temperature can be 
200-300 °C lower than that of the pressureless sintering or hot-pressed sintering, 
and the sintering time is only 3—10 minutes [96]. 

Based on this SPS technique, Macary et al. [9] reported the nanostructured 
varistors obtained by SPS at sintering temperatures ranging from 550 to 600°C, 
the grain size of ZnO varistor ceramics sintered at 600°C was reported as 
300-500 nm (the average size of ZnO-Bi,O, raw nanomaterial is in 10 nm) with 
a breakdown voltage of 1066 Vmm7!, and a reasonably high density of 97%, 
but the nonlinear coefficient was relatively low for being further improved by 
incorporating other metal oxides. 

Microwave sintering is presently considered an attractive process with a rapid 
rate and a low temperature. However, as reported in microwave-sintered ZnO, at 
least, 900 °C is required to attain high density for pure ZnO materials, so that it 
is nearly impossible to obtain nanocrystalline ceramics by microwave sintering. 
However, being sintered at a much lower temperature by SPS, nanostructured 
densified ZnO ceramics can be obtained [94]. Gao et al. [94] observed that 
the nanoscale grain size remains unless the sintering temperature is above 
550°C, and the densification process is barely dependent on the sintering 
temperature when it is lower than 550°C. Therefore, the driving force of the 
densification might be from the high pressure (50 MPa) and the special effects of 
the large electric current (3 kA) in the SPS process. However, above 550°C, the 
grain size quickly increases, and the relative density decreases as the sintering 
temperature increases. This kind of rapid grain growth can result from capillary 
driving forces at high temperatures. Figure 9.12 shows the TEM micrograph 
of nanocrystalline ZnO ceramics sintered by SPS at 550°C within 2 minutes of 
holding time and the high-resolution episcopic microscopy (HREM) micrograph 
of the grain boundaries of nanocrystalline ZnO sintered by SPS at 500°C 
[94]. A typical interfacial amorphous phase was observed. The commercial 
varistors typically have a grain size of 10—100 pum with a doped grain boundary 
depletion width of 50-100 nm. Thus, if the grain size decreases to 100 nm, thin 
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(a) ©) 


Figure 9.12 (a) TEM micrograph of nanocrystalline ZnO ceramics sintered by SPS at 550°C 
within two minutes of holding time and (b) HREM micrograph of the grain boundaries of 
nanocrystalline ZnO sintered by SPS at 500°C. Source: Gao et al. 2002 [94]. Reproduced with 
permission of John Wiley & Sons. 


grain boundary depletion of 0.1—1 nm is enough to show obvious conduction 
nonlinearity. 

Luo et al. [96] fabricated ZnO varistor ceramics by SPS. In this method, the 
mixed nanopowders were placed in a mold. The mold was then put into the vac- 
uum chamber of the SPS machine. The samples were sintered for four minutes 
at 900°C. A pressure of 45 MPa was applied on the samples during sintering. 
The grain size of the SPS samples was less than 1 um, and the voltage gradi- 
ents reached 963 V mm™!. Figure 9.13 shows the SEM images of ZnO varistors 


(a) (b) 


Figure 9.13 SEM images of ZnO varistors fabricated by (a) conventional sintering, 1200°C, 
two hours, and (b) spark plasma sintering, 850 °C, five minutes; the length of the line in (b) is 
3.46 um. 


References 


fabricated by conventional and SPS techniques; obviously, the SPS produced very 
uniform grains. 

Therefore, the SPS technique shows great potential as a sintering method for 
manufacturing ZnO materials with desirable varistor properties. It is desired 
to avoid extra grain growth when the SPS process is employed to densify 
nanocrystalline ceramics at low temperatures. The successful preparation of 
nanocrystalline ZnO ceramics by SPS offers a chance to study their special 
electric properties caused by the nanostructure. 
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Titanium-Based Dual-function Varistor Ceramics 


Miniaturizing electronic devices is always a desirable target. The integration of 
electronic circuitry into integrated circuit (IC) chips has brought large volume 
and weight reductions, so there is an increasing trend toward the integration 
of passive electronic-ceramic components. Also with the widespread use of 
micromotors in the electronic devices, the harmful effects of high frequency and 
spike surges appear; in order to protect the electronic circuits from the damage 
of surge voltages, the application of varistors within the low-voltage field also 
increased. The ZnO varistor is difticult to achieve a low breakdown voltage 
technology but mainly for the high-voltage varistor. The capacitor—varistor dual- 
function components, such as TiO,, SrTiO}, and CaCu,Ti,O,, (CCTO) varis- 
tors, have realized the goal to achieve component miniaturization and provide 
superior high-frequency and high-amplitude transient voltage protection. 
Because of its outstanding dielectric properties and nonohmic characteristics 
and simple and straightforward preparation, CCTO is considered a very promis- 
ing capacitor—varistor dual-function material. Another kind of titanium-based 
dual-function ceramics is donor-doped BaTiO, ceramics [1, 2], which exhibit 
positive temperature coefficient of resistivity (PTCR) performance and nonlinear 
V-I property and have been extensively used in current-limiting applications, 
such as overload protection devices, delay line switches, and self-regulating 
heaters. 


10.1 SrTiO, Varistors 


10.1.1 Introduction 


The internal boundary layer capacitor is one of the most commercially successful 
of that class of electronic components in which the grain boundary plays an active 
role in determining the electrical properties. A thin insulating layer separating the 
semiconducting grains leads to a high apparent permittivity and high resistivity 
[3]. Strontium titanate based internal boundary layer capacitors in particular are 
widely applied to the electronic circuits because of the small temperature depen- 
dence of their dielectric properties and the low dissipation factor [4-6]. 

In the 1980s, the SrTiO, varistor was successfully developed and put into com- 
mercial application by Panasonic, Taiyo Yuden, TDK, and Murata [7]. The SrTiO, 


335 


336 


10 Titanium-Based Dual-function Varistor Ceramics 


varistor has a high dielectric constant and good nonlinear characteristics, so it has 
both capacitor—varistor dual function. In the absence of abnormal surge (which 
is called as over-voltage in power systems), it plays the role of the capacitor that 
can filter out high-frequency interference and the role of absorbing the surge 
as the voltage-suppressing varistor. Particularly, the voltage temperature coef- 
ficient of SrTiO, varistors is smaller than that of ZnO varistors and can even be 
positive. In addition more, their temperature stability is better than that of the 
normal ceramic capacitors. Therefore, in the low-voltage area, the SrTiO, varistor 
has very broad application prospects. Depending on the application, the SrTiO, 
varistor ceramics are usually shaped into round or ring. The ring-shaped varistors 
are mainly used to eliminate the noise in the micromotors, and the round-shaped 
ones are usually applied in various electronic circuits, absorbing surges, protect- 
ing triacs, or being bypass capacitors. 


10.1.2 Microstructure of SrTiO, Varistors 


At room temperature, SrTiO, has typical perovskite-type crystal structure of 
cubic system, as shown in Figure 10.1. The crystal constant a is 3.905 A. Below 
106 K, SrTiO, changes into a tetragonal structure [8]. 

Similar to the ZnO varistor, the SrTiO, varistor also has a polycrystalline struc- 
ture and is also composed of semiconductive grains and insulating grain bound- 
aries (GB) [9]. This structure is the origin of the high permittivity and nonohmic 
current-voltage behavior, and it is believed that Schottky barriers exist on the 
grain boundaries. The Schottky barrier heights at these interfaces are strongly 
affected by the interface chemistry [10]. 

The surface states on the interfaces trap the carriers and make the layers insu- 
lating. Therefore, the ceramic is insulating under low electric field. Under high 
electric field, the surface states are filled, and the potential barrier is lowered. 
Over the threshold voltage, the ceramic becomes conductive. 


10.1.3 Preparation of SrTiO, Varistors 


SrTiO, varistors are usually prepared by the typical ceramic-sintering method. 
Generally, two steps of sintering are required in the preparation. The first step is 


Figure 10.1 The crystal structure of 
Sr SrTiO}. Source: Li et al. 2003 [8]. Modified 
with permission from Elsevier. 


10.1 SrTiO; Varistors 


to make the grains semiconductive through sintering the ceramic in a reducing 
atmosphere. The second step is to make the grain boundaries insulating and 
obtain the nonohmic property; this step is usually performed in an oxidizing 
atmosphere in a lower temperature. 

Usually, the strontium titanate (SrTiO,) powder is synthesized by calcining 
strontium carbonate (SrCO,) and titanium dioxide (TiO,). The powders are 
wet-mixed with ethanol for 24hours. After drying, the mixture is calcined at 
a high temperature of over 1000°C for three hours. During the calcination 
process, SrCO, dissociates as SrO and CO, [9]: 


SrCO, > SrO + CO, t (10.1) 
The solid-state reaction for the calcination step is as follows: 

SrO + TiO, > SrTiO, (10.2) 
The overall reaction of sintering is as follows: 

SrCO, + TiO, > SrTiO, + CO, t (10.3) 


The mixture is pressed into disks at a pressure of 9.8 x 10’ Pa [9], and the 
pressed disks are then sintered at 1450°C for three hours in air. The sintered 
samples are reduced at 1300°C for five hours in a 50mol% H,—Ar flowing 
atmosphere. The obtained semiconducting samples are polished on both sides. 
In order to compose the n-i-n structure, the samples are partially reoxidized at 
800-1300 °C for one hour in air [11]. 

The ratio of SrCO, and TiO, is essential to control the performances of the 
ceramic. According to the phase diagram of SrO-TiO,, the eutectic temperature 
is 1860 °C when SrO, is excessive and 1440 °C when TiO, is excessive. Moderate 
excessive TiO, helps the liquid phase to be formed under a relatively lower tem- 
perature. Generally, the ratio of Sr/Ti is in the range from 0.98 to 1.02, excessive Ti 
is usually conducive in the liquid-phase sintering, which leads to lowered sinter- 
ing temperature, and the semiconductivity improved. However, when the ratio is 
less than 0.98, i.e. Ti is much more than Sr, free TiO, enters the liquid phase and 
enhances its viscosity, hindering the sintering process and grain growth. When 
the Sr/Ti ratio is slightly more than 1.0, the sintering and grain growth are ben- 
efitted. When the ratio is bigger, the semiconducting is not well formed, and the 
property of the ceramic is degraded. 

To make the grains semiconductive, at least one of the high-valence ions, such 
as Nb,O,, Ta,O;, WO3, PrO}; or CeO,, is usually doped as donors [12]; some- 
times, one of the rare earth (RE) ions, such as La3*, Y3+, Dy**, or Sm**, is added 
at the same time [13-15]. As donors, the high-valence ions, such as Nb**, takes 
the lattice site of Ti**, and the rare earth ions takes the site of Sr?*. Both reac- 
tions of replacement give out electrons as carriers and lower the resistivity of 
grains. The amount of donor doping is usually in the range of 0.01-5.0 mol%. 
As an example [16, 17], 0.5 mol% La,O,, 0.2 mol% SiO,, and 0.5 mol% MnCO, 
were added into the SrTiO, powder for making SrTiO,-based varistor materi- 
als employing conventional ceramic processing steps used in making ZnO-based 
varistor ceramics. After the sintering at 1350 °C for three hours, the samples were 
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heat treated in air at different temperatures for various durations to achieve the 
varistor property. 

To tune the permittivity, nonohmic property, and temperature stability, addi- 
tives such as Al,O,, Sb,O,, BaCO,, CaCO,, MnCO,, Cr,O,,SiO,, Bi,O,, FeO, 
NiO, ZnO, and CuO are often doped as acceptors to effectively enhance the den- 
sity of acceptors [18, 19] and raise the barrier height and the resistivity of the 
grain boundaries. SiO, forms a liquid phase in the sintering process, which can 
effectively promote grain growth. The addition of Al,O, can improve the density 
of the ceramic. A mineralizer is used as the starting material in order to lower 
the sintering temperature and enhance the density of the ceramic. Therefore, the 
nonohmic performance is evidently improved. The amount of these additives are 
usually in the range of 0.01—3.0 mol%. 

Except SrTiO, is selected as the main ingredient, sometimes, (Ca,Sr,_,)TiOs, 
(Ba,Sr,_,) TiO}, or (Mg,Sr;_,)TiO, is also used, where x, y, z are in the range of 
0.001-0.5 mol% [20]. 

A few attempts were made to control the grain boundary structure and the 
defect chemistry in electronic ceramics by synthesizing the ceramics from 
surface-coated powders [21]. The SrTiO, powders were dispersed in NaOH 
solutions and then were dried at 120°C for 24hours and heat treated at 
300-500 °C to transform the absorbed layer into Na,O. The uniaxial hot-press 
sintering method was applied on the surface-coated powders at 1250°C in the 
N, atmosphere for 30 minutes under a pressure of 25 MPa. This technique has 
the possibility of distributing additives along the grain boundaries uniformly, 
and the electrical characteristics of ceramics can be controlled by adjusting the 
chemical and electrical features of the grain boundaries as a function of the 
amount of the coating material on the surface of the semiconducting powders. 

A SrTiO,-based multilayered film with varistor characteristics has successfully 
been fabricated by a chemical solution deposition (CSD) method. The layered 
film varistor satisfies the demands for developing a varistor of miniaturized and 
highly integrated electronic devices [22]. 


10.1.4 Performance of SrTiO, 


SrTiO; ceramics have dual functions as a varistor and a capacitor. Presently, the 
commercial products of SrTiO, ceramics reach the following parameters: relative 
dielectric constant ~8000 at 1 kHz, the dielectric loss 0.18%, nonlinear coefficient 
43, and voltage gradient 10-100 V mm~! at 1 mA. Doping is an important tool to 
tailor the performance of the varistor ceramics. Kutty and Philip [23] reported 
the samples with a relative dielectric constant 10*—10° at 1 kHz, the breakdown 
voltage from 0.2 to 1.5 V per grain boundary, the nonlinearity coefficient from 6 
to 15, and the barrier height from 0.15 to 0.3 eV, depending on the conditions of 
the second annealing. 

Many effects have been tried to improve the nonlinearity and increase the 
dielectric constant, but the dielectric loss increased in contrary. The Nb-doped 
SrTiO, varistors were prepared with the grain size of 120 pm, the relative 
dielectric constant £, of 42000 (measured at 25°C, 1kHz, 1V,,,,), and the 


rms 
nonlinear coefficient a of 5 (measured at 25°C, from 1 to 10 mA cm”), but the 


10.1 SrTiO; Varistors 


MnO (mol%) 


Current density (mA cm~?) 
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Figure 10.2 J-E curves of Nb-doped SrTiO, with different MnO contents. Source: Adapted 
from Kim and Kim [24]. 


dielectric loss tanô reached 2.9%. When 0.03 mol% MnO was added, the grain 
size was 72 um, the varistor nonlinear coefficient was improved to 43 (as shown 
in Figure 10.2), the £, slightly decreased to 34000, but the dielectric loss was still 
as high as 4.2% [24]. 


10.1.5 Conduction Mechanism of SrTiO, 


The stoichiometric SrTiO, under room temperature is an insulator with a band 
gap of 3.2 eV. In order to make a varistor out of SrTiO,, donors and acceptors 
are added into the materials. Sintered in a reducing atmosphere, the ceramic 
grains are semiconductive. Sintered in an oxidizing atmosphere thereafter, the 
ceramic grains cover with insulating intergranular layers. Kim et al. [25] stud- 
ied the influence of Na-diffusion on the electrical properties of SrTiO,. When 
Na ions diffused at 1000°C, the segregation of Na ions was observed by sec- 
ondary ion mass spectrometry (SIMS) analysis, and the diffusion of Na signifi- 
cantly increased the resistance of grain boundaries. The nonlinear coefficient and 
the potential barrier height of the Na-diffused samples were about 15 and 0.82 eV, 
whereas those of air-annealed samples without the diftusion of Na were about 5 
and 0.14 eV, respectively. From the complex plane analysis, it was obtained that 
the deep electronic levels near the grain boundaries were changed from 0.10 to 
0.31 eV. From the impedance spectroscopy measurement results, it was suggested 
that the activation energy, 0.8 eV, measured in the grain originated from the oxy- 
gen vacancies, and the activation energy, 1.3 eV, in the grain boundary was from 
strontium vacancies [12]. 

Currently, there are two theories to explain the conduction mechanism of the 
grains. In the first theory, the carriers are supposed to give out in the substitu- 
tion reaction induced by donors and captured by Ti**. In the second theory, it is 
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supposed that the doped donors generate vacancies on the Sr sites and weaken 
the Ti—O bonds around them. The oxygen atoms are then freed in a reducing 
atmosphere, giving out electrons as charge carriers. 

Trivalent ions that have similar size to Sr?*, or pentavalent ions, such as Nb°* 
[26], which have similar size to Ti**, are often chosen as donors to promote the 
semiconduction of grains. Generally, it is supposed that when a small amount of 
trivalent ions is doped, the ions will enter the lattice sites of Sr’ and give out 
electrons to change Ti* into Ti?* (Ti**-e~) and weakly bonded electrons are pro- 
duced, which are in the metastable state. Under an applied electric field, these 
weakly bonded electrons can easily become conductive carriers to decrease the 
resistivity of the grains. Take Nb*tand Lat doping as examples, the substitution 
reactions are [20]: 


SrTiO, +xNb* > SrTit*, Tis*Nb?* O, + xTi* (10.4) 


SrTiO, + xLa** > SrTi?t „Lat [Tiit Ti2*]O, + «Sr?* (10.5) 


When a large amount of donors is doped, the conducting mechanism is mainly 
the second one. Vacancies on Sr?+ are produced when donors enter the lattices 
by the following reaction: 


SrTiO, + xLa** = (Sr? 5 VsrosxLas* TIO; + 1.5xSr?* (10.6) 


Affected by the vacancies on the Sr sites, V<,, the Ti—O bonds are weakened. 
At a high temperature and a reducing atmosphere, the oxygen tends to volatile. 
Electrons are given out as carriers by the reaction [12]: 


Oo > VA + io, t (10.7) 


The insulating grain boundaries are formed in an oxidizing atmosphere [13, 
27]. The high-resistive surface layer is formed by oxygen diffusion and surface 
chemisorption at the grain boundaries during the heat treatment in air [27]. The 
formation of the grain boundary layer (GBL) is closely related to the doped accep- 
tors. The acceptors segregate at the grain boundaries and diffuse into the grains. 
A substitution reaction occurs and the depletion layer forms on the edge of the 
grain. Ag+, Ni*+, and Lit [26] are often used as acceptors to promote the seg- 
regation at the grain boundaries to enhance their insulation by taking the site of 
Sr’. Divalent ions such as Cu?* and Mn” are used to take the site of Ti**. Take 
Mn” for example, the substitution reaction is 


MnO > Vi + Oo + Mniz (10.8) 


The segregation of acceptor ions at the grain boundaries is mainly fulfilled at 
the cooling stage. Also, the optimal cooling rate and oxygen atmosphere are both 
favorable to the decrease of tan6 and improvement of nonlinear J-V characteris- 
tics [11, 26]. In the oxidizing atmosphere, oxygen diffuses along the grain bound- 
aries. Both the oxygen and the acceptors capture electrons and help with the 
formation of the grain boundary barrier. A direct comparison of the X-ray inten- 
sity ratios for each of the compositional elements present at the grain boundary 
in potassium-diftused SrTiO, ceramics using the high spatial resolution scanning 
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transmission electron micrograph (STEM) reveals not only the impurity in the 
grain boundary segregation but also the impurity site occupation, the presence 
of a potassium grain boundary segregation layer thinner than 20 nm, and potas- 
sium Sr site occupation in the samples, which could contribute to its resulting 
varistor characteristics [28]. 

Hitomi et al. [29] produced (Srp 94Bap,9, Cag.95)0.99 TIO; ceramics by sintering at 
an oxygen partial pressure of 1078 Pa and reoxidization at 1200°C in air, and 
investigated by transmission electron microscopy (TEM) and energy-dispersive 
X-ray spectroscopy analysis, it was found that during reoxidization, the metal 
atoms of Bi, Pb, and Cu come from the ceramic surface by diffusing along the 
grain boundaries, together with O atoms. The metal atoms migrate deeply into 
the ceramics, but hardly penetrate the inside of the grains so that they replace 
the Sr and Ti atoms in close vicinity of the boundaries. The Bi, Pb, and Cu atoms 
have an affinity to the O atoms and set them at the surrounding O vacancy sites. 
This is a reason why a thin dielectric boundary layer (poor in the O vacancies) is 
formed around each grain in the ceramics. 

According to the Koops model [30], the effective permittivity €,_ is expressed as 
_ Egblgotg(Ogp — o}? 


Leg = (10.9) 


(tab — £05)" 
where £, is the permittivity of the grain boundary, typ is the average thickness 
of the grain boundary, t, is the average diameter of the grains, oy, is the 
conductivity of the grain boundary, and o, is conductivity of the grains. As the 
conductivity of the grain boundaries is much greater than that of the grains, and 
the diameters of the grains are much greater than the grain boundary thickness, 
and assume the dielectric constants for the grain boundary are the same, the 
equation is simplified as 
tg 
Eef = Egb (10.10) 
gb 

The effective dielectric constant €,¢ is inversely proportional to the ratio of 
thickness of the grain boundary to grain size. This expression explains why the 
ceramic has a relatively large permittivity. 

A GBL semiconducting ceramic is integrated from many capacitor elements, 
which are constructed with the very thin dielectric boundary layers and the semi- 
conducting insides (rich in the O vacancies) as electrodes and consequently has 
a high capacitance. 


10.2 TiO,-Based Varistors 


10.2.1 Introduction 


In the 1980s, the Bell Labs developed the TiO, varistors system in order to replace 
the SiC varistors [31]. Its main ingredient is TiO,, usually doped with Nb,O;, SrO, 
BaCO,, Bi,O3, CeO, Sb,O;, MnO,, and other oxides. TiO, varistor ceramics 
have good nonlinear I-V characteristics and a high dielectric constant that are 
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good enough to replace SrTiO, varistors in performance [32]. It can be one-step 
sintered in atmosphere, so the production process is relatively simple and the 
cost is low. The surge absorption capability and the capacitance of TiO, varis- 
tors are higher than those of ZnO varistors. Its most prominent feature is that 
it is much easier to achieve low breakdown voltage technology, which makes it a 
better material in the low-voltage field. TiO,-based varistors have shown a partic- 
ularly good potential to meet with the requirement of modern electronic devices, 
in which low breakdown voltage components are essential. 

Overall, the TiO, capacitor—varistor ceramic is a kind of composite functional 
element. Because of its low threshold electric field (lower than 6 V), high nonlin- 
ear coefticient (higher than 9), and large dielectric constant (order of 104—105), 
TiO, can achieve the miniaturization of components and circuits and also has the 
dual characteristics of a capacitor and a varistor. Therefore, TiO, is the dominant 
of composite function components in the low-voltage field. 


10.2.2 Preparation of TiO,-Based Varistors 


Although different sintering processes have been proposed for producing 
TiO, varistor ceramics, the results indicated that [33] the samples prepared 
by one-step sintering had a low threshold electric field and a relatively higher 
dielectric constant. 

There are three kinds of TiO,: rutile, anatase, and brookite, of which the most 
stable crystal is rutile TiO,, with a great dielectric constant and a small dielectric 
loss. Anatase and brookite TiO, can be transformed into rutile at a high tempera- 
ture. An appropriate sintering temperature enables the grain growth, reduces the 
threshold electric field, and improves the formation of grain boundary. Extra high 
sintering temperature makes the grain grow too large and leads the grain bound- 
ary instable. A low sintering temperature is not conducive to the formation of the 
grain boundary barrier, and the varistor performance is poor. In the temperature 
range of 1200-1400 °C, as the temperature decreases, the threshold electric field, 
the nonlinear coefficient, and the grain boundary resistance all decrease, whereas 
the grain resistance increases [34-37]. 

By controlling the sintering atmosphere, grain growth can be controlled. Usu- 
ally, the sintering of TiO, varistors can be controlled by partial pressure of oxygen, 
and lower oxygen pressure is favorable to form the semiconducting of grains and 
electrical properties of varistors. 


10.2.3 Mechanism of TiO, Capacitor-Varistor Ceramics 


The dielectric properties of high-purity rutile TiO, ceramics were investigated 
over a wide temperature (100-1073 K) and frequency (20 Hz—10 MHz) ranges 
[38]. The X-ray photoemission spectroscopy measurement revealed that the 
sample possessed mixed-valent states of Ti*+/Ti**, and four thermally activated 
relaxations were observed. The lowest temperature relaxation featured two 
Arrhenius segments with the activation energy of 30 and 80 meV for the low- 
and high-temperature segments, respectively. This relaxation was argued to bea 
polaron relaxation because of the electrons hopping between Ti+ and Ti** ions. 
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The second relaxation appeared around the room temperature showing the 
activation energy of 0.68 eV, which was believed to be a Maxwell-Wagner 
relaxation. The high-temperature relaxations with the activation energy of 0.84 
and 1.26 eV were ascribed to the conduction process because of the hopping 
motions of singly and doubly charged oxygen vacancies. 

The Schottky-type grain boundary is also applicable to TiO,-based varistors. In 
the microstructure, TiO, varistor is similar with GBL capacitors. Thus, in addi- 
tion to the significant current-voltage nonlinearity, there is also a remarkable 
effect of capacitance, which can effectively filter out the electric noises. The stoi- 
chiometric TiO, ceramic itself is an insulator. After doping, the semiconductivity 
of the grains can be used for capacitor electrodes; after the oxidation of the GBL 
forms a high resistance layer, it constitutes a grain boundary capacitor similar to 
a parallel plate capacitor. Because the GBL is very thin, the dielectric constant of 
these devices is usually very large (order of 10*-10°). The equivalent circuit of 
the GBL capacitor is a RC network consisted of grain resistance, grain boundary 
resistance, and capacitance. The apparent dielectric constant can be expressed by 
(10.10), the intrinsic dielectric constant £ i for TiO, is about 114. Generally, t, is 
10-20 pm and t, is 0.01—-0.1 um; thus, the apparent dielectric constant can be 
estimated to be 10*—10°. 

The relative dielectric constant £, decreases quickly and monotonously as the 
frequency increases. When Ta is doped, £, is about or larger than 3500 in the 
range of 200 Hz—10 kHz. Even at the higher frequency of 2 MHz, g, is still larger 
than 1600. The value of £, for the sample with 2 mol% Ta dopant reaches about 
37 500 at 200 Hz but reduces to 9988 at 1 kHz [39]. 


10.2.4 Doping of TiO,-Based Varistors 


It is discovered that the TiO, matrix doped with Sb,O,, CeO,, and other 
additives can be made into capacitor—varistor dual-function ceramics. In 1982, 
Yan and Rhodes [31] reported that TiO, doped with Nb,Ba had a valid nonlinear 
electrical characteristics with the threshold electric field of about 30 Vmm7! 
and the nonlinear coefficient a of 3—4. After that, the TiO, varistor ceramics 
have been extensively studied. The performance of the TiO, varistor system is 
significantly influenced by the dopant type and concentration. The addition of 
other additives, such as BaO, MnO,, SrO, Nb,O;, Cr,O03, and Bi,O, as donor, 
acceptor, or sintering additives, help densifying TiO2, probably by increasing the 
lattice defects because of the formation of a solid solution or the formation of a 
liquid phase [40-49]. 


10.2.4.1 Acceptor-Doped TiO,-Based Varistors 

Low-valence ionic impurities with larger radius as acceptors, such as Ba, Sr, 
and Ca, can segregate at the TiO, grain boundaries during the cooling process 
from the high sintering temperature to help form a distinct electronic barrier in 
the grain boundary and characterize the material with varistor properties [32]. 
It was indicated that the concentration of Ba segregated at the TiO, grain 
boundaries was about 150 times higher than the Ba content in the lattice. As 
Ba?* ions are about 1.98 times larger than the Ti** ions, the large elastic energy 
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(7.6 eV) associated with Ba substitution in the Ti sublattice can be relaxed by 
segregation at the grain boundary region. The depletion layers at the grain 
boundaries provide a tunneling barrier for electron transport and lead to a 
nonlinear conduction phenomenon. 

Ji et al. [47] used Y and Cu as the acceptor dopants and SiO, as the sintering 
additives, obtaining the TiO, varistor ceramic with the threshold electric field 
of 9.4V mm™!, the nonlinear coefficient a of 4.8, the dielectric constant £, of 
2.13 x 10*, and the dielectric loss tané of 0.09. Luo et al. [48] studied MnO, as the 
acceptor-doped TiO, varistor ceramics. In the sintering process, MnO, releases 
a highly electronegative O,, resulting in the increase of interface-state density 
and grain boundary barrier height, which contributes to the improvement of the 
nonlinear coefficient. A similar function was found by Sousa et al. [46]; they stud- 
ied the effect of Cr,O, on the electrical properties of TiO, varistors and found 
that the samples showed good varistor characteristics when doped with 0.025% 
Cr, O,, having the threshold electric field of 3.4 V mm and nonlinear coefficient 
a of 8.23. It is found that dopants such as Cr,O, influence the densification, the 
mean grain size, and the electrical properties of the TiO,-based varistor ceram- 
ics and have an special role in the barrier formation at the grain boundary in 
the TiO, varistors, increasing the nonlinear coefticient and decreasing the break- 
down electric field. The influence of Crj, is to increase the O7 and O” adsorption 
at the grain boundary interface and to promote a decrease in the conductivity by 
donating electrons to O, adsorbed at the grain boundary [50]. 

Li et al. prepared the SnO,-doped TiO, varistor system by a solid-phase synthe- 
sis; when the doping of SnO, was in the range of 0-1.5 mol% [51], the threshold 
electric field rose with the increase of SnO, dopant and the nonlinear coeffi- 
cient firstly increased and then decreased; when the incorporation of SnO, was 
0.8 mol%, the sample reached the largest nonlinear coefficient of 8.3. 

Experimental evidence showed that small amounts of SrO improved the 
nonlinear properties of TiO, ceramics [52], which played a special role in the 
morphology of the grain boundary and nonlinear response of TiO, ceramics. An 
atomic defect model based on the Schottky-type double barrier can be adopted 
to explain the formation of electrical barriers in the TiO, grain boundaries. 


10.2.4.2 Donor-Doped TiO,-Based Varistors 
Generally, high-valence ions, which have a similar radius to Ti**, were selected for 
donor impurities to increase the conductivity, such as Nb,O;, Ta,O;, V,O;, and 
so on. Experiments show dopants with a valence of +5, such as Nb and Ta with an 
ionic radius similar to that of Ti**, which has a reasonable solubility in the Ti lat- 
tice, reducing the resistivity of the TiO2 lattice by donating conductive electrons 
and providing extra electrons to realize semiconducting grains [32]. Navale et al. 
[53], by adding Ta,O, into the TiO, varistor ceramics, obtained the threshold 
electric field of 40 Vmm and nonlinear coefficient a of 25-30. The maximum 
nonlinear coefficient observed among all donors is 35 for the tantalum-doped 
sample at an optimal concentration of 0.5 at.% [54]. 

Su et al. studied the varistor characteristics of WO,-doped TiO, [55]. As W 
has an ionic radius similar to that of Ti, it is dissolved easily in the TiO, lattice, so 
the O vacancies can combine with Ti vacancies. During the sintering and cooling 
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processes, the diffusion of molecular oxygen through the grain boundary may 
occur and then it can be adsorbed at the interfaces and reacts with VẸ and Tis. 
The defects, which are produced by the presence of WO,, form a solid solution 
with TiO, and improve the grain conductivity. At the same time, the presence 
of WO, generates abundant molecular oxygen, which is adsorbed at the inter- 
faces and becomes O- or O*-. A depletion layer is formed by positive charges 
such as V¢*, V$, W$, and Tift, where Ti}* is positively charged Ti interstitials. 
A negative interface is formed during the sintering process and is composed of 
oO, Or; Ves and Ve, which is necessary in order to compensate for the positive 
charged defects created at the depletion layer. When the amount of WO, was 
0.25 mol%, the samples showed the best varistor performance with the threshold 
electric field of 44.5 V mm, nonlinear coefficient a of 9.6, and ultrahigh relative 
dielectric constant of 74 100 measured at 1 kHz [55]. 

All the defects form a double-barrier voltage between the TiO, grains as that 
of the ZnO varistor. As the new phase precipitation in the grain boundary is not 
detected, the two barrier tops touch each other [55]. According to the bound- 
ary barrier model, the WO, dopant performs like a substantial donor doping, 
which increases the concentration of VF and the local oxygen partial pressure 
and in turn tends to increase the concentration of O~ and O”. Negatively charged 
defects such as O7 and O?- accumulate at the grain boundary, which make the 
grain boundary barrier height become higher. With an increase of WO, dopants, 
the donor concentration, N 4, caused by the tungsten ion and the density of elec- 
tron interface states at the boundary, N;, caused by Vi become larger, the large 
Na and N; are attributed to the low resistance of the grain boundary, which is 
the reason why the sample with 0.5 mol% WO, dopant has the lowest resistance. 
At the same time, the positive charges, especially Wet and V$, accumulate at the 
depletion layer with an increase of WO, dopant, which makes the grain bound- 
ary become wider. The relative dielectric constant of the sample is determined by 
the width of the grain boundary, especially in the low-frequency region. A thinner 
grain boundary results in a larger relative dielectric constant in the low-frequency 
region. However, the substitution of Ti** for a tungsten ion exists at a maximum. 
When the content of WO, exceeds this limit, superfluous tungsten ions, which 
cannot substitute Titt further, will segregate toward the grain boundary inter- 
face. Thus, the potential barrier height p, Na, and N; will decrease, which is 
attributed to the large resistance of the grain boundary. The superfluous tung- 
sten ions also make the grain boundary become wider. Therefore, it is found that 
the sample with 1.0 mol% WO, dopant exhibits the highest resistance and the 
lowest relative dielectric constant [55]. 

Recently, it was shown that the TiO, varistor ceramics doped with Pr,O,, 
had a high nonlinear coefficient, and varistor and dielectric properties were 
improved [56]. Good electric properties with E,,,, = 5.13 V mm7}, a = 5.43, and 
£, = 1.34 x 10° were obtained when doped with 0.50 mol% Pr,O,,. 


10.2.4.3 Codoping Effects of Acceptor and Donor Dopants 

The segregation of divalent cations increases the grain boundary resistivity 
because the pentavalent donors (Nb or Ta) are locally compensated by the 
divalent acceptors (Ba, Sn, Y, Sr, or Ca) [57-60]. Gaikwad et al. [57] fabricated Ba 
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and Ta codoping TiO, varistor ceramic and obtained samples with the threshold 
electric field of 400-700 Vmm~! and the nonlinear coefficient a of 20-30. 
Acceptor doping of Ba?™ accumulated in the grain boundary and changed the 
nature of grain boundary barrier. 

CaO as an acceptor-type dopant and Ta,O,; as a donor-type dopant, both 
doped TiO, varistors with high nonlinearity, were obtained [58]. When 0.5 mol% 
Ca and 0.05—2.0 mol% Ta were doped, the nonlinear coefficients « of all samples 
fell in the range of 5.1-42.1, and high values of relative dielectric constants, up 
to 10°, were obtained. The Ta dopant has a significant effect on improving the 
nonlinear electrical behavior and the dielectric properties of the Ca, Ta-doped 
TiO, varistors. In view of the nonlinearity, the optimal concentration of Ta 
for the 0.5mol% Ca-doped TiO, varistors is 0.5mol%, which results in the 
highest nonlinear coefficient, highest resistivity, and relatively lower dielectric 
constant with smaller dielectric loss in the whole frequency measurement range 
of 200 Hz to 2 MHz. The nonlinear behavior of Ca, Ta-doped TiO, varistors can 
be explained by an analogy to the grain boundary defect model as shown in 
Figure 10.3. The Tat ion, which has an ionic radius very close to that of Ti* and 
a higher valence than Ti**, easily dissolves into the TiO, lattice and introduces 
defects. Because of the creation of electrons, Tat decreases the resistivity 
of TiO, grains. At the same time, Ca?* introduces defects and segregates 
preferentially at the TiO, grain boundary. Therefore, both the intrinsic TiO, 
defects (Tift, V£, V2") and the extrinsic defects (Tat,, Caf) exist at the grain 
boundaries. The positive charges (it, Ve Tah) are located on both sides of a 
grain boundary, and the negative charges are distributed at the grain boundary 
interface. A depletion layer is created at the grain boundary because of the 
charge compensation between the positive charges and the negative charges. 
As a result, a voltage barrier is formed and leads to the nonlinear electrical 
behavior of Ca and Ta-doped TiO, varistors. Based on the experimental results, 
there exist two kinds of eftects of Ta on the nonlinear electrical behavior of Ca 
and Ta-doped TiO, varistors. On the one hand, as Ta* dissolves into the TiO, 
lattice, the Tat, defect is introduced and is located at the grain boundary. To 
maintain the electrical neutrality, the positive charges (Taj) are compensated 
by negative charges. Consequently, the potential barrier height ø, increases 
because of the increase in negative charges. Larger doping concentrations of 
Ta result in more positive charges (Tat,) and more negative compensating 
charges. As a result, the potential barrier height @, is further increased with 
increasing the Ta concentration x. Therefore, the nonlinearity of the samples 
is improved. On the other hand, the barrier width œ increases monotonically 


V+ Ca2- Figure 10.3 The grain boundary 
atomic defect model for Ca, Ta-doped 
TiO, varistors. Source: Wang et al. 2002 
Tat V% V+ [58]. Redrawn with permission from 
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with the increment of x from 0.05 to 2.0mol%. When x increases beyond a 
certain level, the width œw becomes so large that it will influence the tunneling 
process of electron transport. Consequently, the nonlinearity will become worse. 
Therefore, because of these two effects, there exists an optimal concentration of 
Ta for maximal electrical nonlinearity. 

Santhosh et al. [32] found that Nb- and Sr-doped TiO, varistors exhibit 
excellent properties, with the threshold electric field of about 50 V mm! and 
the nonlinear coefticient a of 7-8. 

Wang et al. [60] studied the influence of Y,O, doped on the Ta,O,—TiO, 
capacitor—varistor and found that Y,O, had a significant influence on the 
performance of the Ta,O;—TiO, capacitor—varistor, and samples showed good 
comprehensive properties, with the threshold electric field of 9.7V mm, the 
nonlinear coefficient æ of 4.5, and £, of 8.82 x 10* when the concentration of 
Y,O, is 0.25 mol%. 


10.2.4.4 Sintering Additives in TiO,-Based Varistors 

There are three main roles of the sintering additives [61]. The first is to reduce 
the sintering temperature and conducive to sintering; the second is to increase 
the density of ceramics; the last is to help with the diffusion and segregation of 
acceptor impurities in the grain boundary and the formation of grain boundary 
barrier, by making use of its low melting point characteristics to form more liquid 
phases enriched in the grain boundary in the sintering process. 

The sintering additives for TiO, varistors, mainly including SiO, and Bi,O,, 
can promote the grain fully semiconductivity, lower the threshold electric field, 
and improve the uniformity of grains [61]. Xu et al. [62] found that adding SiO, 
was favorable for Nb** entering TiO, grains to promote the semiconductivity of 
grains and to change the grain boundary phases and improve the nonlinear coef- 
ficient. Meng [63] found that a moderate amount of SiO, can not only reduce the 
activation energy of Ti** to depart from the lattice, increase the content of Ta>* in 
grains, and promote semiconducting and uniform growth of TiO, grains but also 
be conducive to sintering, leading to an increase in the ceramic capacitor and a 
decrease in the grain resistance and threshold electric field. The importation of 
Bi,O, can promote grains semiconducting because its low melting point will form 
more liquid phases during the sintering process, making the acceptor impurity 
segregated at the grain boundaries, which will improve the grain boundary resis- 
tance and the effective interface-state density, and is favorable to form the grain 
boundary barrier and to improve the electrical properties of ceramics. When 
the amount of Bi,O, was 0.4 mol%, the TiO, varistor reached the highest barrier 
height (h, = 0.48 eV), the minimum threshold electric field (Vima = 40 V mm"), 
and the largest nonlinear coefticient (a = 6.2) [64]. 

Ge and GeO, were also selected as sintering aids because of their low melting 
points, thereby reducing the sintering temperature [65]; both changed the 
microstructure of TiO,-Nb,O,-SrCO, ceramics, increased a, and decreased 
the breakdown electric field strength E,. When the doping contents of Nb,O,, 
SrCO;, Ge, and GeO, were 0.1, 0.2, 0.25, and 0.75 mol%, respectively, the 
TiO,—Nb,O,—SrCO, varistor ceramics sintered for three hours at 1260°C 
exhibited high « (11.6), low E, (13.8 Vmm_7?), and high barrier height (0.96 eV). 
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A further analysis shows that the resultant Ge?+ easily segregates at the grain 
boundary because of its larger ion radius than Ti** to increase the acceptor 
interface-state density and the nonlinear coefticient. GeO, easily dissolves in 
TiO, lattice because of the same valence state and the slightly smaller radius of 
Ge** in comparison with Ti**; this feature improves the semiconducting degree 
of grains and decrease E, [65]. 


10.2.5 Development of TiO,-Based Varistors 


Lowering the dielectric loss and improving the stability are the development 
trends of TiO,-based varistors. Combining doping and preparation technology 
to further improve the density is the key to fabricate low-loss TiO,-based 
varistors. With the increases in temperature and frequency, TiO, varistors 
show significant dispersion. When the temperature is higher than 100°C, 
the nonlinear coefficient decreases significantly; when the frequency is more 
than 10 MHz, the varistor performance begins to deteriorate [66]. To satisfy 
the normal use of TiO, varistors at a high temperature and a high frequency, 
improving stability has become an urgent requirement. 

Developing the multilayer TiO, chip varistor can further improve its current 
capacity. The multilayer chip varistor, with a very large current capacity, very 
easily implements the low-voltage technology and is suitable for surface-mount 
technology (SMT), which will be the most potential electronic circuit protection 
components [67]. The key technology is how to lower the sintering temperature 
and production costs. 

To use the submicron or nanolevel TiO, instead of all or part of micron TiO, 
is an important way to improve the properties of TiO,-based varistor ceramics. 
As nanoparticles have the advantages of small size, large surface area, high sur- 
face energy, and activation energy, during the sintering process, the driving force 
that declines the surface energy is large; thus, it can reduce the sintering tem- 
perature and the samples obtained a more uniform microstructure. The samples 
added a small amount of nano-TiO, had good electrical properties [38, 68]. The 
Nano-TiO, powder addition has a significant effect on the grain boundary barrier. 
When 5 mol% nano-TiO, powders were added, the barrier height was 0.28 eV, the 
barrier width was 48 nm, and the Femi level was 2.62 eV. The combined action 
of nanopowder in grain refinement and additional barrier increases the height 
and width of the grain boundary barrier and the nonlinear coefficient. Therefore, 
making use of the special nature of ultrafine powders, combined with the thermal 
oxidation treatment technology, can improve the grain boundary and promote 
varistor performance. 


10.3 CaCu3Ti,0,, Ceramics 


10.3.1 Introduction 


CaCu,TizO,, (CCTO) is a kind of ceramic with a nonlinear current-voltage 
characteristic as well as an extremely giant permittivity [69]. In 2000, Subrama- 
nian et al. found extraordinary permittivity in CCTO ceramics [70]. Studies have 
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shown that this perovskite can exhibit a dielectric permittivity of about 10*-10° 
for temperatures ranging from 100 to 600 K without undergoing any phase tran- 
sition [70-72]. In 2004, Chung et al. discovered its nonlinear current-voltage 
characteristic [73]. Later, this nonlinear current-voltage performance has been 
reported in ceramics [74], thin films [75, 76], and recently in nanostructures [77], 
which are attributed to the conductivity on the film/metal—electrode interface 
and/or grain boundary mechanisms [78, 79]. 

Compared with SrTiO,, CCTO has huge superiority of simple preparation and 
one-step sintering in air, whereas SrTiO, needs two-step sintering, and deoxi- 
dization and oxidization environments are required. Because of its outstanding 
dielectric properties and nonohmic characteristics, and simple and straightfor- 
ward preparation, CCTO is considered a very promising dual-function material. 

Regularly, high dielectric capacitors are basically ferroelectrics or relaxor ferro- 
electrics. In these materials, an abnormal increase in the permittivity occurs near 
the Curie point. Hence, the temperature stability of the dielectric material is not 
very good. CCTO has a huge permittivity, which is very stable in a large tempera- 
ture range and does not contain Pb and other heavy metals, which makes CCTO 
environment friendly. Therefore, CCTO ceramic has broad prospects in the elec- 
tronics application as a dual-function device that acts as both a surge protector 
and a capacitor [69], and as capacitors, random access memories, microwave 
devices, and sensors [74-81]. 


10.3.2 Structure of CCTO 


10.3.2.1 Crystal Structure 
The CCTO of a complex perovskite structure is a kind of BCC structure and 
belongs to the crystallographic space group Jm3. The crystal structure is shown 
in Figure 10.4 [82]; the Ca atoms occupy the body center and 8 vertices of the 
hexahedron, and the Cu atoms occupy the 12 edge centers and 6 face centers. In 
the unit cell, there are eight TiO, octahedrons that have an angle of 141° between 
each other. The lattice constant a is 7.395 A under 25°C [70]. 

Subramanian et al. [70] used neutron diffraction to measure each atomic bond 
length and found that from 35 to 100K, the CaCu,Ti,O,, structure does not 


Figure 10.4 The crystal structure of 
CaCu,Ti,0,,. Source: Homes et al. 2003 
[82]. Reproduced with permission of 
APS. 
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change, which means that the ferroelectric phase transition does not happen. The 
thermal expansion coefficient and heat capacity also show that no phase transfor- 
mations occur in this temperature range. Although CaCu;Ti,O,, has TiO, octa- 
hedral structure, like other perovskite minerals, however, the TiO, octahedral is 
subject to the square structure of Cu atoms, which makes it tilt and restricted, 
and difficult for ferroelectric phase transition to occur in CaCu;Ti,O,). 


10.3.2.2 Phase and Microstructure 

The synthesis method of CCTO ceramic has played a significant role in deter- 
mining the microstructural, electrical, and dielectric properties. Different from 
two-step sintering for SrTiO,, the most common preparation method of CCTO 
ceramics is single-step conventional solid-state sintering method. CaCO,, CuO, 
and TiO, powders and other additives are mixed together and calcined at 
700-900°C to form the CCTO powders. Then, the CCTO powder is pressed 
into disks and sintered in air for several to dozens of hours with the temperature 
ranging from 1000 to 1500°C. The color of the as-calcined CCTO powder 
changes from yellow to orange, and the as-sintered CCTO bulk is black with 
some metallic luster on the surface. 

The main phase of the as-sintered ceramic is crystalline CCTO. Electron 
probe microanalysis (EPMA) shows that the main phase of the composition 
is not the exact CaCugTiyO,9, but Cag 99/2) CUg,99(2) Tig.o4(4) O12, Which is slightly 
off the stoichiometric. Cu atoms in the grains are inadequate [83]. Li et al. 
pointed out that some Ti atoms may occupy the position of Cu atoms [84]. As 
shown in Figure 10.5 [85], an obvious grain boundary structure can be observed 
between the CCTO grains, and the width of the grain boundary is about 30 nm; 
inset b shows that the grain boundary appears to be amorphous. However, the 
expanded high-resolution TEM (HRTEM) picture of the grain-grain boundary 
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Figure 10.5 (a) A HRTEM micrograph of the grain-grain boundary grain structure for the 
TiO-rich CaCu,Ti,O ceramic, in which insets a, b, and c are the Fourier analysis images of areas 
A, B, and C, respectively. (b) An expanded HRTEM picture of the grain-grain boundary 
structure for the TiO-rich CaCu,Ti,O ceramic, the inset of which is the selected area electron 
diffraction (SAED) pattern of the CCTO grain. Source: Lin et al. 2008 [85]. Reproduced with 
permission of AIP. 
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Figure 10.6 A grain boundary is shown in (a), the arrow in (b) indicating the corresponding 
contrast of Cu element. The arrow in (c) indicates the second-phase particles that are rich in 
Cu. Source: Li et al. 2007 [86]. Reproduced with permission of AIP. 


region shown in Figure 10.5b, which indicates that the grain is a well-crystallined 
CCTO and some TiO, nanograins also exist. 

In addition to the main phase, the X-ray diffraction (XRD) pattern indicates 
that there exist traces of the CuO phase. Energy spectrum analysis (EDS) 
and TEM analysis also proves that CuO exists as the intergranular phase 
(see Figure 10.6) [86]. A small amount of Cu-rich phase can be found in the 
amorphous grain boundary region from the line-scanned energy-dispersive 
spectroscopy spectra [85]. The Cu-rich phase is also observed at the grain 
boundary by Adams et al. [83], which may be related to the high-temperature 
sintering process. The special microstructure (CCTO grain-amorphous/TiO, 
nanograin—CCTO grain junction structure) should be responsible for the 
interesting electrical property of these Ti-rich CCTO ceramics. 

Jacob et al. [87] calculated the Gibbs free energy and obtained the phase 
diagram of the CCTO system, and studies indicate that at 1273 K, CuO, Cu,O, 
TiO,, CaTiO;, and CaCO, phases can be in the system in equilibrium with the 
CCTO phase coexistence. Zhang [88] found that CCTO under a N, atmosphere 
in 1000°C partially decomposes into TiO,, Cu,O, and CaTiO,. The scanning 
electron microscopy (SEM) image of as-sintered CCTO cross section is shown 
in Figure 10.7 [89], and the grain structure is clearly observed in the image. 

When the sintering conditions or additives change, the grain size, shape, 
and distribution have differences, and the electrical performances change 
correspondingly. 

Adams et al. [90] did a detailed study of the sintering time on the CCTO 
microstructure. At the sintering temperature of 1115°C and the sintering time 
of one hour, the ceramics have fine grain structure, and the grain size is 3—5 pm. 
When the sintering time is extended to three to five hours, abnormal grain 
growth occurs, and large grains of about 100 um are surrounded by fine grains. 
When the sintering time is extended to 24 hours, the samples consist of almost 
all coarse grains with the size of 50-300 pm, although some fine grains, pores, 
and second phase particles are observed between the grains. The smooth edges 
of the grains, together with the quick grain growth, when the sintering time is 
expanded from one to three hours, indicate that the sintering process is probably 
a liquid-phase sintering. Other studies have also confirmed the abnormal growth 


352 | 10 Titanium-Based Dual-function Varistor Ceramics 


Figure 10.7 The SEM image of CCTO microstructure. Source: Fang and Shiau 2004 [89]. 
Reproduced with permission of John Wiley & Sons. 


of CCTO grains and the change of microstructure with the sintering time, 
believing that the liquid phase is the driving force for sintering and the reasons 
for abnormal grain growth. An intergranular phase formed by the cooling liquid 
can be observed by SEM. 

Marchin et al. [91] found that more Cu elements than stoichiometric cause 
significant grain enlargement in CCTO. CuO and TiO, form eutectic mixtures as 
low as 912 °C; this mixture is changed into a liquid phase in the sintering process 
and promotes the growth of grains. The increase in the CuO content increases 
the amount of the mixture and enlarges the ceramic grains. In contrast, doping 
of iron or niobium elements decreases the grain size evidently. The change of 
grain size will affect the electrical properties greatly, which is to be explained in 
detail below. 


10.3.3 Performances of CCTO Ceramics 


10.3.3.1 Nonohmic Current-Voltage Characteristic 

As ZnO varistor, and SrTiO, and TiO, ceramics, the dielectric properties and 
microstructure formation of CCTO are strongly dependent on the process- 
ing conditions such as preparation routes [92-95], sintering temperatures, 
and dwelling time [96-99]. In 2004, Chung et al. [73] reported that CCTO 
ceramics sintered at 1100°C showed evident nonlinear J-V characteristics 
(see Figure 10.8). They found that after sintering of three hours, the nonlinear 
coefticient of the CCTO sample reached as high as 912, which is significantly 
larger than that of the widely used nonlinear ZnO-based varistor, although 
the authenticity and repeatability were questioned by some researchers [100]. 
Ramirez et al. [101] presented a Ca,Cu,Ti4O,, ceramic composed by 66.7% of 
CaTiO, (CTO) and 33.3% of CaCu,;TizO;. (CCTO/CTO), which reached the 
highest nonlinear coefticient «a of 1500 that calculated in the current density 
range of 3-30 mA as the same in [73], but the respective nonlinear coefficient 
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Figure 10.8 The first reported nonohmic current-voltage characteristic of CCTO by Chung 
et al. [73]. Source: Chung et al. 2004 [73]. Reproduced with permission of Springer Nature. 


Figure 10.9 Typical 
current-voltage curves of 0.020 ao a 
CCTO ceramic. The sample is e 1000 °C 
10 mm in diameter and 1mm a 1050°C & í A 
in thickness, sintered at 0.015 v 1100°C 
different temperature for a 
three hours. = 
i= 
g 
5 0.010 
ro) 
0.005 
0.000 


Voltage (V) 


a was 65 for the traditional current density range of 1-10 mA cm~. Compared 
to the traditional CaCu,Ti,O,,-based composition, the imbalance between the 
Ca and Cu atoms, which causes the formation of a polycrystalline system, is the 
origin of high nonlinear electrical behavior. However, the most reported non- 
linear coefficient of CCTOs is around 10 [102-104], and their varistor voltage 
gradients are typically no more than 100 V mm“, and a typical current-voltage 
curve is shown in Figure 10.9. 

Both the preparation process and additives can affect the nonlinear I-V char- 
acteristics. Annealed in oxygen-rich environment, the ceramic will obtain larger 
nonlinear coefficients and the varistor voltage will increase. In contrast, annealed 
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in an environment that is lack of oxygen, the nonlinear coefficient and varistor 
voltage are reduced [103]. 

Researchers tried various additives to modify the nonlinear property of CCTO. 
Leret et al. [100] added Na and Ta into the system, respectively, finding that 
the potential barrier at the grain boundaries were lowered and the nonlinear 
coefficient decreased. Lin et al. added excessive Ti into the system, finding 
that the varistor voltage gradient can be raised to several hundred volts per 
millimeter, which may expand the application to high-voltage area [104]. Chung 
et al. doped the ceramic with Sc atoms [105] and found that the selectivity 
of Sc position affects the properties evidently. When Sc is on the Ti sites, 
samples with excellent nonohmic properties can be obtained. In contrast, the 
sample almost losses the nonohmic property when Sc takes the site of Cu. The 
selectivity of dopant atoms depends on the ratio of starting materials. Nonohmic 
properties of CCTO ceramics are extremely enhanced by the substitution of 
Tb ions [106], and the grain size of CCTO ceramics is decreased by doping 
with Tb ions. The nonlinear electrical properties are strongly enhanced as the 
doping concentration of Tb ions is increased, but the £’ (real part) value of 
the dielectric constant decreases greatly. The best properties with a nonlinear 
coefticient of ~29.67 (in the range of 1-10 mA cm~?) and breakdown electric 
field strength E, of ~15.2kVcmr! are obtained in the Cag7,,Tby,;Cu,Ti,O,, 
ceramic. These extremely enhanced properties are attributed to the modification 
of grain boundary electrical response because of the effect of Tb substitution. 
MgO nanopowder (with particles sizes of about 100-300 nm) dopant has the 
ability to improve both dielectric and electrical nonlinear properties, reduce the 
low-frequency loss tangent, and significantly enhance the breakdown voltage 
and nonlinear coefticient of CaCu,;Ti,O,, ceramic, which is attributed to an 
increase in the resistance of grain boundaries [107]. 


10.3.3.2 Colossal Permittivity 
The extraordinary huge permittivity is a prominent property of the CCTO 
ceramic. Generally, the relative permittivity of CCTO ceramics can reach as high 
as 10*, as shown in Figure 10.10 [108]. The permittivity of CCTO is not only 
extremely huge but also unchanging with temperature above 150 K [72, 109]; this 
nature is very necessary for the practical application. The permittivity increases 
as the sintering temperature rises, which reaches as high as 10° when sintered 
at 1125°C, whereas 10* sintered at 1000°C [110]. The effective permittivity e.¢ 
can be estimated by Eq. (10.10) as Eef = €4,(t,/tg,), where ey, is the permittivity 
of the insulating grain boundary phase, t, is the average grain size, and t, is the 
average grain boundary thickness. The average grain size t, keeps unchanged. 
It is probable that the volatilization of Cu with rising temperature decreases 
the grain boundary thickness ¢,,. Therefore, the effective permittivity increases 
as the sintering temperature rises [109]. In the low-temperature region, the 
magnitude of the permittivity decreases from 10* to 107, a dielectric loss peak 
appears at the same time, showing a dielectric relaxation phenomenon (see 
Figure 10.10b). 

Figure 10.10c exhibits the changes of permittivity with the frequency. 
When the frequency increases to a threshold value, usually above 1 MHz, the 
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Figure 10.10 The temperature and frequency dependence of dielectric property of a 
CaCu,Ti,0,, single crystal [108]. (a) The temperature dependence of the real part of the 
dielectric response e’; (b) the temperature dependence of the dissipation factor (or loss 
component) of the dielectric response; (c) the frequency dependence of the real part £' of the 
dielectric response. Source: Homes et al. 2001 [108]. Reproduced with permission of AAAS. 


permittivity behaves strongly temperature dependent, a substantial drop to 10? 
occurs. The reasons for the drop of permittivity at low temperature and high 
frequency are similar. In both circumstances, the polarization cannot keep in 
pace with the testing frequency, resulting in the dramatic falling of permittivity. 
High-frequency measurements reveal CCTO having no colossal permittivity in 
the GHz frequencies [111]. 

The permittivity of CCTO highly depends on the microstructure. Generally, 
the eftective dielectric constant increases as the grain boundary area decreases, 
which is a function of grain size and size distribution [112]. Therefore, the sin- 
tering conditions that affect the microstructure have a great influence on the 
dielectric property. CCTO behaves a very high and thermally stable dielectric 
constant with £, in the range of 10*—10° when the temperature ranges from 100 
to 600 K [113-115]. As the sintering temperature rises, the permittivity increases 
weakly. Also, the permittivity rises as the sintering time increases, as is shown in 
Figure 10.11 [89, 116]. Sinclair et al. prepared the sample at 1115 °C for 24 hours 
and obtained relative permittivity of 280 000 [109], this is the highest relative per- 
mittivity ever reported in the literature. 

A detailed equivalent circuit analysis of the results and two crucial experiments, 
employing different types of contacts and varying the sample thickness, was per- 
formed [112]. The dependence of relative permittivity at a high frequency both 
on contact type and on sample thickness clearly proves that the external contacts 
via an interfacial polarization process lead to the detection of very high dielectric 
constants. The observed relaxation-like spectral features are of Maxwell- Wagner 
type and easily understandable within an equivalent circuit. This is easy to explain 
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why the reported values of relative permittivity at high frequency vary so much: 
its absolute value depends on the details of contact formation, e.g. the surface 
roughness, type of contact, and stoichiometry at the surface. 

The dielectric properties of CCTO are very sensitive to the processing condi- 
tions. CCTO ceramics were synthesized by the methods of sol-gel, traditional 
solid-state reaction, and thermal decomposition of organic solution, and the 
results exhibit that the electric characteristics are affected by the methods 
of synthesis [92]. Prolonging holding time leads to substantial improvement 
in permittivity; furthermore, the quenched sample shows a larger dielectric 
permittivity than the furnace-cooling one [93]. The primary factor aftecting 
the dielectric behavior is the development of internal defects, and it appears 
that a higher defect concentration within the “core” of a grain, which may be 
achieved through milling, sintering at higher temperatures and longer times, 
and/or annealing in controlled atmosphere, results in higher conductivity of the 
core and therefore higher effective dielectric constant [112]. Sintering in oxygen 
atmosphere or quenching in air will help to raise the relative permittivity by 
several times [89, 117, 118]. The permittivity of CCTO is easily influenced by a 
slight difterence in the preparation process. Therefore, the value given in the lit- 
erature varies from each other. Lin et al. [85] explained that the permittivity may 
be sensitive to the surface states, which is easily affected by many factors during 
preparation. To date, the giant permittivity of CCTO can be best described by 
a model of conducting grains, insulating grain boundaries and the associated 
Maxwell—Wagner relaxation [94, 96]. However, this model requires that the 
insulating grain boundaries be thin, uniform, and robust to prevent percolation 
of the conducting grains [97]. This may explain why the dielectric properties of 
CCTO are so sensitive to processing as small changes in processing may affect 
the resistivity and robustness of the grain boundaries [112]. 

Doping of additives can evidently modify the dielectric property of CCTO. 
Excessive Cu atoms can effectively raise the permittivity [91], whereas less Cu 
than stoichiometric will decrease the permittivity. More Ti atoms than stoichio- 
metric will decrease the relative permittivity to several thousand [98]. Additional 
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Co can increase the relative permittivity. At the amount of Co doping is 5 wt%, the 
relative permittivity can reach as high as about 150000. The addition of Ni has a 
similar effect as Co. Addition of Cr can enhance the permittivity and suppress the 
dielectric loss tangent under 0.05 [119]. When doping with Fe or Mn, the relative 
permittivity will decrease sharply to less than 100. Yb-modified CaTiO, ceramics 
of composition Yb,Ca,_,/) Ti;_,;.»O3 was studied [120]. Ytterbium is incorporated 
as Yb** at both cation sites with charge self-compensation. Dense ceramics sin- 
tered for 24hours at 1450°C exhibit a giant apparent permittivity of about 10* 
with a remarkable temperature (30-300 K) and frequency (10!—10° Hz) stability. 
MgTiO, is added to refine the grain size; the dielectric constant and loss of the 
composites are stable with the frequency and temperature; and the breakdown 
voltage of the composite ceramics is adjusted from 200 to 1200 V mm“! by con- 
trolling the ratio of the amount of CCTO and MgTiO, composites [106]. With the 
increase of Zn?* concentrations in CCTO, the dielectric constant increases with 
an increase in minimal concentration, and the dielectric loss decreases with an 
increase in concentration. This was explained by the impedance analysis, which 
shows that the conductivities of grains and grain boundaries increase as Zn**+ 
concentrations in CCTO increases [121]. 

Stoichiometry has also been demonstrated to play a crucial role in obtaining a 
giant permittivity value [122, 123], any off stoichiometry results in the decrease of 
the low-frequency dielectric permittivity values. In order to understand the effect 
of stoichiometry, some dopants have been introduced into the CCTO structure. 
Doping with donors such as Nb*+ or acceptors such as Fet cations has been 
reported to decrease the value of the dielectric plateau (as shown in Figure 10.10a) 
because of an increase in the GBL thickness, resulting in a lower grain bound- 
ary capacitance [124]. Fe*+- or Nb*+-doped CCTO ceramics show a microstruc- 
ture with a homogeneous grain size <60 um that contrasts with the large grains 
>100 um of the undoped samples [125]. Capsoni et al. [126] showed that the 
dielectric constant can be increased by up to two orders of magnitude when sub- 
stituting the Ti** cations by Fet, Co?*, or Ni?*. The Nb** substitution for Ti** 
in CCTO is achieved in a limited range without secondary-phase formation, and 
the dielectric constant increases up to ~4.2 x 10° [127], whereas the bulk (grains) 
resistivity remains unchanged with Nb** substitution, the grain boundary resis- 
tivity is significantly reduced even though the grain size decreases, in contrast to 
the results shown in Grubbs et al. [124]. 

The dielectric properties can be strongly modified by annealing the ceramic 
at 1100°C. The reoxidized material shows the intrinsic dielectric response of 
CaTiO, at low temperature and high frequency, whereas a step-like rise in the 
permittivity and a complex behavior is observed with an increasing temperature 
and decreasing frequency [120]. 


10.3.3.3 Dielectric Loss 
Although the CCTO ceramic has an extremely huge permittivity, it has a large 
dielectric loss. The loss tangent of pure CCTO is usually 0.1 or larger (see 
Figure 10.12), which hinders its application in the industry. 

Various means were tried to lower the dielectric loss. It was reported the sinter- 
ing temperature has an influence on the dielectric loss of CCTO, the one sintered 
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402 : : , : 3 ; Figure 10.12 The dielectric 
losses of CCTO ceramics in 
different sintering time. 
Source: Kwon et al. 2008 [119]. 
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at 1050°C has relatively a low loss [108]. Kobayashi and Terasaki [128] added 
an excessive CaTiO, to fabricate CaCu;Ti,O,,/CaTiO, ceramic composite and 
successfully lowered the loss tangent to less than 0.02. However, the relative per- 
mittivity was also lowered to 1800. Slight doping of Fe or Mn can significantly 
decrease the dielectric loss. Substituting part of Ti with Al atoms could suppress 
the loss tangent to 0.06 and lower at the measuring frequency ranging from 100 to 
1000 Hz [129]. When doping with 0.5 wt% ZrO,, the loss tangent can be lowered 
to 0.05 from 50 Hz to 30 kHz [130]. 

Furthermore, the codoping method is effective in reducing the dielectric loss, 
still maintaining the high dielectric permittivity. The room temperature dielectric 
loss of the Cr/La codoped CaCu; Ti,O,, ceramics is reduced to 43% compared to 
CCTO, and their dielectric permittivity is higher than the undoped, Cr-doped, 
and La-doped samples, and the temperature stability of the codoped sample is 
significantly more convenient than that of CCTO [131]. 


10.3.4 Mechanism 


10.3.4.1 IBLC Model 

The origin of the colossal permittivity is being in debate. Several mechanisms 
have been proposed to explain the colossal permittivity of CCTO. The first 
one is the polarization mechanism. Ramirez et al. [101] observed that the 
dielectric spectroscopy of CCTO shows a relaxation process, and the Raman 
spectroscopy also shows a relaxation mechanism with activation energy of 
28 meV existing in the CCTO materials; they thought a polarization mode exists 
in CCTO. Homes et al. [108] prepared a single-crystal CCTO, the relaxation 
time increases to more than 10seconds under high temperature from 500 ns 
under the room temperature, and thought this huge change originates from 
the dipole oscillation relaxation in a nanodomain. The second is the influence 
from an electrode. Lunkenheimer et al. [111, 132] regarded that the colossal 
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permittivity phenomenon of CCTO is related to the depletion layer produced by 
the contact between the ceramic and electrode, the relaxation peak in dielectric 
spectroscopy should belong to Maxwell—Wagner relaxation mode. This can 
explain that the dielectric constant of CCTO in different studies is hugely 
different. Wang and Zhang [133] found that a relaxation peak exists at 250K 
under the low frequency of 100 Hz, and under this relaxation peak, the dielectric 
constant was strongly related to the thickness of the sample; they thought that 
this relaxation was caused by the Maxwell—Wagner relaxation related to the 
polarization of the superficial layer, but they thought that this superficial layer 
was caused by the concentration difference between the surface and the interior 
instead of the electrode contact. 

Currently, the “internal barrier layer capacitance” (IBLC) model raised by 
Adams et al. [90] and Sinclair et al. [109] is most accepted. In this model, 
CCTO is considered consisting of semiconductive grains and insulating grain 
boundaries, such as the ZnO varistor. The schematic diagram is shown in 
Figure 10.13a. The impedance spectroscopy as well as the scanning probe 
microscopy measurements on the grains and GB supported the IBLC model 
[73, 109, 135]. This model states that the dielectric behavior of CCTO does not 
come from intrinsic or from space charge polarization mechanisms, but from 
heterogeneities of the ceramic structure [125, 136]. 

Based on an alternating current (AC) impedance spectroscopy measurement, 
it appears that the dielectric permittivity has a sharp drop in £’ vs f relationship 
curve at sufficiently high frequency and the giant extrinsic GB value £, reduces 
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Figure 10.13 (a) The schematic figure of brick layer capacitance model, showing the 
semiconductive grains and insulating grain boundaries. Source: Schmidt et al. 2012 [134]. 
Reproduced with permission of John Wiley & Sons; (b) impedance spectroscopy (IS) data from 
CCTO ceramics represented in the notation of the real part of capacitance C’ (effectively £’) 
versus frequency f. Source: Sinclair et al. 2002 [109]. Reproduced with permission of AIP,; (c) 
idealized equivalent circuit model to account for GB and bulk dielectric relaxation processes. 
Source: Adapted from Schmidt et al. [134]. 
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to a grain’s relative dielectric permittivity £} of ~100 as shown in Figures 10.10c 
and 10.13b. This is the typical behavior of an IBLC structure, where the sharp 
permittivity drop occurs when the mean electron conduction path permitted 
by the applied alternating voltage signal decreases below the average grain size 
at an increased frequency [134]. The high-frequency dielectric response is, 
therefore, dominated by the conducting bulk (grains) and the low-frequency 
response by the insulating GB contribution. Both dielectric relaxation processes 
of grain boundary and bulk can each be described ideally by one parallel 
resistance—capacitance circuit (RC element), and the macroscopic behavior 
can be represented by a series circuit of two RC elements as demonstrated in 
Figure 10.13c [134]. The resistances R, and R, correspond to the bulk and GB 
resistivity (p, and pg), respectively, and the capacitances C, and Cy, represent 

bulk and GB permittivity (£, and £), respectively. 
When a voltage is applied to the ceramic, the voltage is almost applied on the 

grain boundaries. The capacitance is calculated by 
C= FoF mbS (10.11) 


tap 


where €,,, is the relative permittivity of the grain boundary, tp, is the sum of grain 
boundary thickness in the direction of voltage drop, and S is the area of the elec- 
trode. Then, we can get Eq. (10.10) to calculate the effective relative permittivity 
Eet the average thickness of the grain boundaries, t., generally ranges from 20 
to 200 um, and ¢, is in nanometer level [135]. The relative permittivity of grain 
boundaries €,,, is about 200 [137]. According to this theory, the effective permit- 
tivity is proportional to the grain size. 

The dielectric relaxation can be empirically described by Debye-type or 
Cole—Cole relaxation. The complex impedance measurement, which is usually 
used to analyze the properties of polycrystallines, provides evidence of this 
model. Sinclair et al. [109] measured the complex impedance (cole—cole plot) at 
the temperature around 100K, finding that two semicircles evidently appear in 
each plot (see Figure 10.14). This result clearly shows the heterogeneous nature 
inside the ceramic. 

According to Figure 10.15 [138], using the data of the peak frequency, f, 
which corresponds to the maximum of £”, the activation energy, Ej, can be 
obtained from the slope of the line of In(f pt) against 1/T, which is 0.603 eV, 
close to the reported 0.60 eV. This energy can be attributed to the activation of 
oxygen vacancies Vý to V2" in the depletion layer. In the region of E, slightly 
lower than the Fermi level, VG are ionized when the temperature is increased 
up to 398K, and the dielectric relaxation shown in Figure 10.15 is related to the 
activation of V$ to Vt. 

As in the ZnO varistor, the nonlinear J—V characteristics are considered 
originating from the Schottky-type boundaries. Chung et al. [73] measured 
the J-V characteristic curve of individual grains and grain boundaries, finding 
that the grain was ohmic with relatively small resistance, whereas the grain 
boundaries were more insulating with nonohmic properties. This measurement 
gave direct evidence to this theory. 
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Figure 10.14 The complex 30 T T T T 
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Figure 10.15 Frequency dependence 
of imaginary part, £”, of dielectric 
permittivity of the CCTO ceramic 
sample. Source: Zang et al. 2005 [138]. 
Reproduced with permission of IOP. 
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De Almeida-Didry et al. [139] deduced the role of grain boundaries in the colos- 
sal permittivity £ of doped and undoped CCTO from the analysis of impedance 
measurements; the permittivity is primarily related to the capacitance of the grain 
boundaries, as well as the loss factor, which is found to be correlated with the 
resistance of the grain boundaries rather than that of the grains. These findings 
indicate the leading role of grain boundaries in the origin of the capacitance of 
CCTO samples. 

Figure 10.16 shows the real part of conductivity o’ vs frequency f at 80K for 
CCTO samples sintered at various sintering temperatures [134] and the mag- 
nitude of the high-frequency plateau associated with the bulk (grains) dielec- 
tric relaxation increases significantly with the increase of sintering temperature, 
which indicates an increase in bulk conductivity. In the framework of the brick- 
work layer RC element model as shown in Figure 10.13c, the conductivity o’ 
plateau at high frequency represents the intrinsic bulk conductivity. It can be seen 
that at 80 K, the bulk conductivity strongly increases by a factor of ~100 with the 
increase of sintering temperature. 

The complex analysis of capacitance is useful to separate distinct relaxation 
processes and can sometimes be useful to separate different polarization effects 
that contribute to the global frequency response or to the total relaxation 
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response [114]. Bueno et al. [114] used spectroscopic analysis to separate the 
bulk’s dielectric dipolar relaxation contribution from the polarization contribu- 
tion because of space charge in the grain boundaries of a CaCu; Ti,O,,/CaTiO, 
polycrystalline composite system. The bulk dielectric dipolar relaxation is 
attributed to the self-intertwined domain structures from the CaCu,Ti,O,, 
phase coupled to the dipole relaxation from the CaTiO, phase, whereas the space 
charge relaxation is attributed to the Schottky-type potential barrier responsible 
for the nonohmic property. 

CaCu,Ti,O,, (CCTO) is a 1: 3 A-site-ordered perovskite (A’A”,B,O,,). Much 
effort has been dedicated to understand the origin of the extrinsic giant-relative 
permittivity, but little effort has been made to study the intrinsic (bulk) relative 
permittivity, ¢,, which is in the range of ~100 [111]. Although this is considerably 
smaller than the giant extrinsic values, it is still higher than that which would 
be expected in a nonferroelectric material from the polarizabilities of the con- 
stituent atoms. An additional mechanism, therefore, was proposed to explain 
the high intrinsic £, of CCTO. A’—A” antisite defects have been proposed to 
be responsible for such an increase in £, [124]. Quantitative electron diffrac- 
tion (QED) and extended X-ray absorption fine structure (EXAFS) analysis were 
employed to demonstrate Ca and Cu disorder in CCTO on a nanometric scale, 
and the increased £, was proposed to be a result of the modified electronic struc- 
ture of the defect Cu cation on the A’ site. Schmidt et al. [134] showed that lattice 
stretches near defect A’ site Cu, or more likely near defect A” site Ca, in CCTO 
may be an alternative explanation for the large bulk dielectric permittivity £,- 


10.3.4.2 Conducting Mechanism 

The mechanism of grain boundary barrier formation is based on crystal chem- 
istry. Ceramics often have a variety of defects, including impurity defects and 
component defects (ion vacancies, etc.). These grains will produce weakly bound 
electrons or holes, making the bulk semiconductive. The grain boundary can be 
in a high-impedance state because of the structure or chemical compositions 
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and the carriers are captured at the boundary layer, resulting in the formation 
of a potential barrier. The type of carriers in semiconductors can be determined 
by testing the sign of Seebeck coefficient. The Seebeck coefficient of CCTO was 
tested as —110 pV K~! at 350 K by thermoelectric power measurements [84] and 
was found to be negative, indicating that the carriers are electrons, i.e. the bulk 
of CCTO is an n-type semiconductor. 

Specifically, there are mainly two explanations for the formation mechanism 
of carrier in the bulk and barrier at the grain boundaries. In the first theory, the 
generation of charge carriers is considered the result of oxygen deficiency [129, 
140]. In the sintering process, slight defects of oxygen deficiency will be generated 
in the crystal lattice, where the oxygen is supposed to lose at high temperature 
and electrons are given out as charge carriers, which can be presented by [109] 


Oo > VŽ + 2e7 + 30, t (10.12) 


Carriers are generated in the grains and make the bulk semiconducting. In 
the cooling process, the defect occurs in the reverse process of the reaction, i.e. 
oxygen atom enters the lattice from outside and captures two electrons, and 
the material loses its conductivity. However, because of a limited diftusion rate, 
oxygen atoms cannot enter the deep inside of the crystal lattice, and they only 
spread along the grain boundaries, where the defects make the diffusion much 
easier. In this way, the combination of semiconducting bulk and insulating grain 
boundary forms. 

Bueno et al. [102] thought that the space charge relaxation was attributed to the 
Schottky-type potential barrier responsible for the highly nonohmic properties 
of CCTO. This theory was supported by experiments. Adams et al. [83] found 
that annealing in an oxygen environment reduced the grain boundary resistance 
of several orders of magnitude. This shows that the formation of high-resistance 
GBL depends on the atmosphere of oxygen. Because of the lack of oxygen in the 
environment, the reverse process of the reaction cannot occur, and thus, the resis- 
tance of the GBL cannot be recovered. After annealing in an oxygen atmosphere, 
the GBL resistance will return to its original level. This result confirms the mech- 
anism of oxygen vacancy conductivity. 

The carriers can be captured by Titt or Cu? to form Ti+ or Cut, and then 
the carriers are transferred between Ti**/Ti#+ and Cu2+/Cu* to make the bulk 
conductive. Chakravarty et al. [141] supposed that Ti** is more stable than Cu?*; 
thus, the carriers are more probable to transfer between Cu?* and Cu*. How- 
ever, Pires et al. claimed that they found Ti?* existing in CCTO by using elec- 
tron spin resonance (ESR), proving that the carriers transfer among Ti atoms 
[117]. With X-ray photoelectron spectroscopy (XPS) analysis, it was found that 
the valence of Cu and Ti elements in the CaCu,Ti,O,, ceramics is obviously 
influenced by the O, concentration based on the experimental comparison of 
CaCu,Ti,O,, ceramics sintered in air and pure O, atmosphere, which suggests 
that the valence of metallic elements and defects play a key role for the origin 
of the giant permittivity and J-V nonlinear characteristics in the CaCu,Ti,O, 
ceramics [142]. 
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Another theory to explain the conducting mechanism of CCTO is due to the 
valence variation of Cu ions. As Cu” is not stable at high temperature and tends 
to change into Cut, in the cooling process [84, 135], Cu* will change back to Cu2* 
and give out electrons: 


2Cu** + OF > 2Cut + 50 t (10.13) 


Cug, > Cuca + e7 (10.14) 


The electron given out here will transfer between Ti**/Ti** ions to make the 
bulk conductive. 

In the model suggested by Li et al. [86], the charge deficit resulting from a slight 
reduction in Cu?* to Cu* is compensated by a slight substitution of Ti** at the Cu 
site in CCTO at high temperatures. Upon cooling to room temperature, Cut ions 
are reoxidized into Cu* and partial Titt would reduce to Ti**. Therefore, the for- 
mula can be represented as Ca”*(Cuj*,, Cut, Ti+) Ti{*O,, at high temperatures 
and Ca**(Cui*, Tif*)(Tit*,, Tig*)O,. at low temperatures for CCTO. Because the 
composition is different from the starting stoichiometric CCTO composition, 
there should be some forms of Cu-rich secondary phases existing in the speci- 
men. The CuO or Cu,O phase observed using XRD in the specimen prepared in 
stoichiometric CCTO was reported [100, 125]. TEM observation indicates that 
Cu-rich secondary phases are mainly located at the grain boundaries. The XPS 
results reveal that Cu* is the major content of the second phases. The formation 
of negatively charged species, Vc, Cuz »., or VG, existing at the grain boundaries 
because of the oxidation of the secondary phase during cooling after sintering can 
act as acceptors, to form double-Schottky barriers with n-type semiconductor 
grains [143]. 


10.3.4.3 Polarization Mechanism of Grains 
The capacitances of grain and grain boundary in CCTO were obtained by 
microcontact test, as shown in Figure 10.17 [144]. It is observed that the grain 
capacitance and grain boundary capacitance exhibited completely different 
properties. Below 1 kHz, the grain boundary capacitance is in the level of 107!° F 
and decreases with the increase of frequency. Based on the geometric structure 
of the grain boundary of CCTO, the relative dielectric constant was calculated 
in the level of 10*, which concurs with the result of CCTO ceramic. As the 
frequency of the applied voltage increases, the grain capacitance increases to 
107" F from 10-® F, which obviously has a low-frequency dispersion (LFD) 
phenomenon. This phenomenon cannot be tested from the CCTO ceramic bulk. 
Jonscher explained the LFD phenomenon in different materials [145, 146], 
which refers to a kind of relaxation phenomenon existing in many materials 
with the main characteristic that the dielectric constant of the material increases 
rapidly with the decrease of the frequency in low-frequency region. The rela- 
tionship between the dielectric constant and frequency can be represented 
by a log linear trend; In addition, the dielectric constant increases without 
the saturation trend. The LFD phenomenon can be found in materials with 
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Figure 10.17 The capacitance of (a) grains and (b) grain boundaries in CCTO microstructures. 
Source: Luo 2011 [144]. 


inner “quasi-free charges” [147]. The contribution of “quasi-free charges” on 
the dielectric property of materials can be explained as follows. Considering a 
quasi-free charge A~ neighboring a fixed charge B*, when an electric field is 
applied, A~ can migrate in a short range and deviate the original location, which 
leads to generate an electric moment. During the migration process, A~ is easy 
to combine with B+ to become a neutral particle AB and then stop migration. 
However, this combination is weakly bonded, the neutral particle AB will be 
easily ionized again, and continue the migration to increase the electric moment, 
the migration will stop when A7 is blocked by a lattice defect. When the applied 
electric field is moved away, then A~ will migrate back to the original position. 
This polarization needs a long time to be completely established. The longer the 
electric field is applied, the bigger the generated electric moment is. Therefore, 
as the frequency of the applied electric field decreases, the dielectric constant 
increases rapidly. 

Therefore, the LFD phenomenon in CCTO grains provides a clue to discover 
the conductive and dielectric mechanisms of grains. Under low frequency, the 
relaxation in grains caused by “the quasi-free charges” takes the dominant posi- 
tion. The electrons produced in grains can be classified into A~, and Ti**/Cu?* is 
Bt. The materials with inner fixed B* usually have large DC conductivity, which 
is consistent with the performance of CCTO [144]. 


10.3.4.4 A Polaronic Stacking Fault Defect Model 
Bueno et al. [148], by considering stacking fault as the origin of the high dielectric 
constant phenomena, thought that the internal barrier layer capacitance mecha- 
nism would be enhanced by another similar, but different in nature, mechanism 
that operates in the nanoscale range because of the polaronic structures associ- 
ated with stacking fault, a mechanism that is referred to as nanosized barrier layer 
capacitance (NBLC), a nanoscale effect on the capacitance, or effective dielectric 
constant of the system. 

The NBLC mechanism reconciles the opposing views of researchers on both 
sides of the intrinsic versus extrinsic debates about the origin of the unusually 


365 


366 


10 Titanium-Based Dual-function Varistor Ceramics 


high values of dielectric constant measured for CCTO in its various forms. The 
approach is capable of explaining in a simple way how huge dielectric constant 
coexists with high dielectric loss, providing an explanation of the dielectric and 
semiconducting features in CCTO materials. This model operates simultaneously 
with the IBLC model so that the dielectric relaxations of the grain boundary and 
polaronic defect are used to explain the high permittivity values. 

Ina perfect CCTO crystal, Cu?* ions are coordinated by 4 oxygen atoms lead- 
ing to a square-planar arrangement bonded to Ca?*+ (coordinated by 12 oxygen 
atoms) in such a way that an alternating Cu/Ca network extends in three differ- 
ent directions: [1 0 0], [0 1 0], and [0 0 1]. Furthermore, these Cu and Ca atomic 
layers are intercalated by Ti** ions coordinated by six oxygen atoms. The simple 
creation of planar defects would generate a number of imbalances that would in 
turn precipitate other structural changes in order to address the increase in lattice 
energy. The stacking fault defect chemistry is composed of Ca atoms subcoordi- 
nated, Cu* and TiO; cluster substructures with oxygen vacancies valences. The 
formation of point defects (oxygen vacancies and metal valence changes) would 
bring about a more defective structure, albeit not necessarily an energetically sta- 
ble structure [148]. 


10.3.5 Role of Dopants 


Doping is an important tool to tailor the performance of varistors. Despite 
the colossal permittivity, the dielectric loss of CCTO is too high for industrial 
application. Various additives have been employed to diminish the dielectric 
loss, increase the nonlinearity, and improve the dielectric property of CCTO by 
controlling the chemistry and structure of the interfacial regions at the grain 
boundaries [104, 109, 149-167]. For example, the dielectric and nonohmic 
properties are enhanced with the introduction of NiO, SnO,, and SiO, additives 
[168], or by these various cationic substitutions at Cu or Ti site [169-176]. 
There are two types of substitutions [95]: acceptor and donor. The acceptor 
cationic substitution is defined as cations replacing the ions with lower ionic 
charges, whereas the donor cationic substitution is defined as cations replacing 
ions with higher ionic charges. Only few reports were found on donor cationic 
substitutions of Nb*+, Tat, and Sb5+ at Ti site in CCTO by the conventional 
solid-state reaction [177-179]. The dielectric properties of CCTO are also 
strongly dependent on the processing conditions such as preparation routes 
[180, 181], sintering temperatures [182, 183], and sintering durations [184—186]. 
The synthesis method of CCTO ceramic has played a significant role in 
determining the microstructural, electrical, and dielectric properties [95]. 


10.3.5.1 Role of Doping CuO 

Luo et al. [110] sintered the CCTO pellets, which were pressed at 150 MPa into 
disks with CaCO,, CuO, and TiO, powders mixed by ball milling and calcined at 
900°C for 12 hours. The pellets were sintered at different temperatures. At 1150 
and 1200 °C, there was a great loss of CCTO phase and an increase of CaTiO, 
and TiO,. However, there was no corresponding increase in CuO or Cu,O. Test 
results indicated that CCTO decomposed completely at 1150 and 1200°C, and 
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Cu atoms volatilized, only CaTiO, and TiO, were kept. CCTO was discovered 
to partially decompose, and the segregation of Cu was supposed to have signifi- 
cant effects on its properties [100, 130]. Actually, CuO will be reduced to Cu,O 
over 1000°C. CuO/Cu,O can form a liquid phase, which is supposed to help 
with the sintering of the ceramic [83, 130]. The gradual loss of pellets’ density 
between 1000 and 1100°C suggests the gradual segregation and volatilization of 
CuO/Cu,O before the complete decomposition. Prakash and Varma [187] also 
found that sintering at more than 1100°C in air led to Cu segregation on the 
sample surface. 

The distribution of the elements around a triple grain boundary junction shows 
that Cu is richer, whereas Ca and Ti are much poorer at the grain boundaries 
than inside the grains. It indicates that the grain boundaries are mainly formed 
by CuO. Cu segregates from the CCTO lattice and forms Cu-rich intergranular 
layers [110]. As shown in Figure 10.14, the intergranular layer is rich in Cu. 

The status of CuO is found to play an important role in the evolution of the 
microstructure and the electric performances. The resistance of the samples 
decreases as the sintering temperature increases [110]. The reduced thickness 
of grain boundaries is the most probable reason for the decrease of resistance, 
which results from the volatilization of CuO. Additionally, the ceramic acquires 
much higher conductivity and permittivity abruptly when the sintering temper- 
ature rises from 975 to 1000 °C, a possible explanation is that the temperature of 
975 °C has not reached the critic point for the CuO to turn into Cu,O and forma 
liquid phase, which is supposed to be essential for the enlargement of the grains 
and also the formation of the electrical properties [83, 84, 135]. In the research 
of Li et al. [84, 135], it is assumed that the Cu?+ ions are reduced to Cut ions 
at high temperature, and the Cut ions give out electrons to the 3d band of Ti*+ 
on cooling. This theory explains why the bulk phase of CCTO is so conductive. 
The sintering temperature of 975°C has probably not reached the point (about 
1000 °C) for Cu?’ ions to change into Cut ions [110]. Therefore, under 975°C, 
CuO will not be reduced to Cu,O, and no electrons are provided as the charge 
carriers, and the bulk of the ceramic is highly resistive. Consequently, the 
ceramic is almost completely insulating. Sintered at 1000-1125 °C, the pellets 
have the CuO phase as a partial decomposition product at the grain boundaries. 
As the sintering temperature rises, the segregated CuO particles volatilize and 
leave holes at the grain boundaries. The resistance decreases and the effective 
permittivity increases as a result. At 1150 °C and higher temperature, the CCTO 
decomposes completely. The Cu atoms vaporize into atmosphere, leaving only 
CaTiO, and TiO}. 

When polycrystalline CCTO ceramics were prepared by a solid-state reaction 
at different oxygen partial pressures, X-ray powder diffraction (XRD) and SEM 
results indicated that the oxygen partial pressure during the sintering process is 
an important parameter that controls the phase stability, nonstoichiometry, and 
decomposition process of the CCTO phase as well as the densification and grain 
growth mechanisms on these polycrystalline ceramics. These results provided us 
further insights into the important role of copper reduction and copper/oxygen 
diffusion on the crystalline structure and morphological characteristics of poly- 
crystalline CCTO ceramics [188]. 
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10.3.5.2 Doping Mechanisms to Tune CCTO Performances 
Summarizing all related works, oxide dopants can be classified into the following 
three tuning mechanisms to improve CCTO characteristics. 


Firstly, Changing the Grain Size to Adjust the CCTO Performance Doping will influence 
the grain size, which is one of the important structure parameters of the poly- 
crystalline material. According to IBLC model, the relative dielectric constant 
of CCTO has a positive correlation with the grain size. The decrease of grain 
size will reduce the relative dielectric constant. From many experimental results, 
except the grain size, the dielectric constant has a weak correlation with other fac- 
tors, such as impedance and barrier height. We know that the decrease in grain 
size means the number of grain boundaries in series in unit thickness of CCTO 
increases, and then the impedance of CCTO will increase, if the electric perfor- 
mance of single-grain boundary keeps unchanged. The low-frequency dielectric 
loss of CCTO is usually caused by the conductive property, so the increase of 
impedance caused by the decrease of grain size will reduce the dielectric loss. 
This has been experimentally verified by doping Bi,O, and PbO. 

Doping both Bi,O, and PbO to decrease the grain size have a similar mecha- 
nism. First, according to the migration theory of grain boundary, both the solute 
atoms and particles of secondary phase will reduce the migration velocity of 
the grain boundary to form the “pinning” effect, which will hinder the shift 
of the grain boundary and influence the grain growth process. Secondly, the 
dopants will affect the formation of the liquid phase containing Cu. CCTO has 
a liquid-phase sintering process, where the liquid phase containing Cu plays a 
very important role in the grain growth process. When the liquid-phase growth 
is suppressed, the grain growth velocity will be reduced, but an exception is that 
the liquid phase increase caused by doping Y,O, will not boost the grains grow 
bigger [144]. 

Samples with the nominal composition Pb,CaCu,Ti,O,,,, (¥ = 0, 0.05, 0.1, 
0.2) were fabricated by solid-state sintering at 1050°C for four hours. The 
ceramic grain size was diminished evidently from about 100 pum to less than 
4um, and the breakdown voltage gradient was raised from 18 V mm! to more 
than 600 V mm™ [144]. EDS measurements (shown in Figure 10.18) revealed 
that the added Pb mainly accumulates between grains. For the sample of x = 0.05, 
the intergranular region is rich in Pb and Cu and lack Ti and Ca. For the x = 0.2 
sample, the intergranular region is rich in Pb and lack Cu, Ti, and Ca. However, 
research showed [120] that when the doping amount x is less than 0.05, no phase 
related to Pb is detected; when x is higher than 0.1, the peaks of a new phase 
appears, which is the continuous solid solution of PbTiO, and CaTiO, with the 
nominal composition Pb,_,Ca,TiO,. Calculated from the peak positions of XRD 
patterns, the lattice parameters are 0.7395 nm for x = 0.05 and 0.7395 nm for 
x = 0.1, respectively, which are slightly larger than the reported 0.7391 nm of 
undoped CCTO; some Pb** ions may take the positions of Ca?*+ and cause the 
enlargement of the lattice parameter. The SEM images show that the grain size 
decreases evidently as the doping amount increases. 

The segregation of PbO or the intergranular phase Pb,_,Ca, TiO, may hinder 
the grain growth and result in the reduction of ceramic grain size and changing 
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(a) (b) 


Figure 10.18 The distribution of elements in Pb doped CCTO by using EDS measurement: (a) 
x = 0.05; (b) x = 0.2. Source: Luo 2011 [144]. 


the resistivity of the grain boundaries. The doping of plumbum can evidently 
enhance the nonohmic property and reduces the dielectric loss and the leakage 
current [144]. 

CCTO ceramic samples with Bi doped have the nominal composition 
Bi,CaCu,Ti,O,. (x = 0, 0.15, 0.2, 0.3, abbreviated as CCTO, BCCTO-1, 
BCCTO-2, and BCCTO-3), and the average grain size decreases when bismuth 
content increases, which reveals that the content of bismuth can control the 
grain size of CCTO ceramics, the formation of the second phase Bi,Ti;O,, is 
supposed to be the reason for the decrease of average grain size. Generally, 
the second-phase particles could pin the grain boundaries and stop them from 
moving, which helps to inhibit the grain growth and obtain fine grains. 

The resistor—capacitor (RC) equivalent circuit is often used to analyze the 
impedance of dielectric ceramics [98]. The complex impedance is expressed as 


=i -1 
Z(@) = (= + oC) + (= + joy) (10.15) 
where œ is the angular frequency. R, and C, are the resistance and capacitance 
of the grains and Ry, and C, are the resistance and capacitance of the grain 
boundaries, respectively. Based on this equation, we can see that when œ > 0, 
Z(a) > R, + Ry. In CCTO ceramics, Ry, is much greater than R,. Figure 10.19 
illustrates the complex impedance plot at room temperature, and the content of 
bismuth has obviously affected the resistance of the grain boundaries. When the 
addition of bismuth increases, the resistances also increase. In the IBLC model, 
the ceramic consists of semiconductive grains and highly resistive grain bound- 
aries. The refinement of the grains means that there are more grain boundaries 
connected in series in a certain thickness. If the resistance of each boundary 
remains the same, the total resistance increases. The activation energy at the grain 
boundary is calculated from the Arrhenius plot, the energy drops from 0.65 eV of 
pure CCTO to 0.47 eV of BCCTO-3 [144]. 
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Figure 10.19 Z* plot for the CCTO and BCCTO ceramics under the measuring DC bias of 1 V. 
Source: Luo 2011 [144]. 


The test results show that bismuth is effective in increasing the nonlinear 
coefticient of CCTO. The permittivity spectroscopy of the ceramics taken at 
room temperature is shown in Figure 10.20 [144]; according to the IBLC model, 
the “effective” permittivity can be estimated by Eq. (10.10) [110], and when 
the permittivity of the insulating grain boundary phase, £, keeps unchanged, 
the reduction of average grain size results in the decrease of permittivity. The 
permittivity of the samples follows this decreasing rule, respectively. It could be 
observed that the permittivities of the doped samples decrease by a factor of 
7-10, but they still have large permittivity of 107-10. The permittivities of all 
samples remain almost constant in the frequency range from 10? to 10° Hz. Each 
of the samples has a Debye-like relaxation peak at 106—107 Hz. The relaxation 
for the doped ceramics is shifted to a higher frequency than that of pure CCTO. 
It is possible that bismuth is also available to lower the activation energy of 
polarization [98]. 

Many different dopants and sintering additives, such as P,O; [189], MoO, 
[190], Te [191], Li,Si,O, [192], Bi [98] and lithium, barium, and magne- 
sium carbonates [193], have been used to influence the crystalline structure, 
the microstructure, and the dielectric properties of sintered CCTO. Small 
amounts of lithium fluoride sintering aid can influence the microstructure and 
dielectric properties of CCTO ceramics [194]. The grain size of the CCTO 
phase is largely enhanced by Sn** doping [195], and the microstructural 
evolution can be described based on liquid-phase sintering and the pinning 
effect by the second-phase particles. The dielectric permittivity of Sn*t-doped 
CaCu,Ti,O,,/CaTiO, is greatly enhanced from ~2 x 10? to ~10* at 1 kHz. 

Ba?* doping ions preferentially form a secondary phase and are not introduced 
into the CaCu,;Ti,O,, lattice. The grain growth rate of CaCu,;Ti,O,, ceramics is 
significantly inhibited by the Ba-related secondary phase particles. The dielectric 
permittivity of CaCu, Ti,O,, ceramics decreases with the increase in Ba content. 
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Their loss tangent decreases after the addition of CaCu;Ti,O,, with 2.5 mol% 
Ba?* and increases as the Ba content is increased to 5.0 mol%. The optimal con- 
tent of Ba?* is 2.5 mol%, when the nonlinear coefticient and breakdown field of 
the Ca,_,Ba,Cu,Ti,O,, ceramics are significantly enhanced [196]. 


Secondly, Substituting lons in CCTO by Doping Elements The doping elements 
are available to substitute partial sites of ions in CCTO. This substitution 
reaction may change the concentration of electron donors inside grains to 
change the grain conductivity and grain boundary barrier. In BCCTO with 
low-concentration doping, partial Bi** substitutes the site of Ca? to increase the 
concentration of electron donors, which leads to increase the grain conductivity 
and greatly decrease the grain boundary barrier height. However, in YCCTO, 
the substitution reaction that Y** replaces the position of Ti** will decrease the 
concentration of electron donors to increase the grain boundary barrier height. 

Usually, it is difficult to improve the dielectric property and the nonlinear char- 
acteristic at the same time. When a suitable amount of VO, dopant was added 
[197], a secondary-phase CaTiO, (CTO) was observed, vanadium diminished 
the CCTO grain size, and dramatically changed the microstructure. The relative 
dielectric constant decreased from 13 500 to 9800 (at 2500 Hz) for undoped to 
V-doped-CCTO/CTO, and the breakdown voltage and the nonlinear coefficient 
increased from 500 to 5000 V m™* and from 3 to 25, respectively. These analyses 
suggested that V ions could replace Ti** and/or Cu*? in the lattice. Doping did 
not enhance grain growth or densification, but it reduced the conductivity and 
increased both the nonlinear coefficient and the breakdown voltage. 

A small amount of MgTiO, is good to improve both dielectric and resistiv- 
ity properties of CaCu,Ti,O,, ceramics [198]. The low-frequency (<10° Hz) loss 
tangent is greatly reduced (<0.2 for 1% mixed sample), whereas the dielectric 
constant is found to be higher than 3.0 x 10° at room temperature. 

The impedance spectroscopy at room temperature indicates that the La doping 
can maintain the high dielectric permittivity of CaCu, Ti,O,, (~10*). When La is 
employed as the additive, it takes the site of Ca completely and has no influence 
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on the phase composition [157]. The reaction equation is 
CaCu,Ti,O,, 1 
La,O, ————> 2Laé, + 209 + 502 +2er (10.16) 
It is seen that doping with La can enhance the concentration of carriers. The 
effect of lowering the grain boundary barrier has been proved in experiments. 
Replacement of Nb on Ti sites was also investigated [127]. The reaction 
equation is 


CaCu,TiyO, 


Nb,O; 2Nbj; + 405 + 50 +2e7 (10.17) 


It is seen that Nb has the similar effect as La. The carrier concentration is 
enhanced, and the barrier height and resistance at the grain boundaries are 
decreased. 

Al doping has been shown to reduce the dielectric loss remarkably while main- 
taining a high dielectric constant [150]. Impedance spectra indicated that Al dop- 
ing increases the resistivity of the grain boundary by an order of magnitude. 
The improvement of the dielectric loss in Al-doped CCTO is attributed to the 
enhanced grain boundary resistivity. The measurement of crystal lattice constant 
indicates that Al takes the site of Ti. The reaction of replacement in air atmo- 
sphere is 


ALO, + io, SOs, A +405 t (10.18) 

It is seen that the doping creates holes in the ceramic, and the holes will 
decrease the carrier concentration and increase the barrier height and bulk 
resistance. 

Not all doping will enhance the giant dielectric property of CCTO. Mn and Se 
dopings show remarkable influences on the dielectric behaviors [156, 164]. As the 
Mn doping increases, the dielectric constant drops from ~10* to ~10?. The X-ray 
absorption near edge structure (XANES) spectra reveal that the valence states of 
Ti, Mn, and Cu in the grain and grain boundary change greatly, which lead to the 
difference of the activation energy of grain and grain boundary disappearing with 
increasing the Mn doping concentration and thus show this abnormal dielec- 
tric behavior [164]. Furthermore, Mn resites the Ti sites to produce holes in the 
reaction similar to Eq. (10.18), and electrons as carriers are consumed in the neu- 
tralization reaction with holes [103]. Thus, the carrier concentration is reduced, 
and the barrier height is increased significantly. Actually, except the permittivity 
drops significantly, with the doping of Mn, the bulk almost loses its conductivity, 
and the nonohmic property almost disappears. 


Thirdly, Generating Intergrain Phases Dopants have an influence on the com- 
ponents in grain boundary. When the concentration of the dopant increases, 
the inclusion phases are segregated out in CCTO. Bi,Ti,O,, in BCCTO and 
Pb,_,Ca, TiO, in PCCTO belong to the inclusion phases. The formation of these 
phases decreases the growth velocity of grains to reduce the grain sizes. On the 
other hand, these inclusion phases deposit on the grain boundaries to change 
the chemical components and influence the barrier and impedance of grain 
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boundary. Besides, Y doping will promote the segregation of CuO liquid phase 
to increase the phase containing Cu in the grain boundary. Doping excessive 
CuO will directly increase the thickness of the phase containing Cu in the grain 
boundary. In Rb-doped samples, the Cu-rich and Ti-poor GBLs are formed, and 
electrical properties are also changed by doping: with the increase in doping 
concentration, the grain resistivity and the grain boundary double-Schottky 
potential barrier are changed, the grain boundary resistivity is enhanced, and 
the low-frequency dielectric constants and loss are reduced [199]. Ba?* doping 
ions preferentially form a secondary phase, rather than being substituted into 
the CCTO lattice, to inhibit the grain growth rate of Ca Cu,Ti,O,, ceramics, 
the dielectric constant and dielectric loss are reduced, in the meantime, and 
the values of a and E, of the Ca,_,Ba,Cu,Ti,O,, ceramics are significantly 
enhanced by the addition of 2.5 mol% Ba?*. Impedance spectroscopy analysis 
reveals that the variations in dielectric and nonohmic properties are associated 
with electrical response of GBs, supporting the IBLC model [199]. 

CaCu;Ti,O,, (CCTO) ceramics doped with rare earth oxides, including Y,O3, 
La,O,, Eu,O,, and Gd,O,, were studied [165]. The grain boundary charac- 
teristics of the CCTO-RE systems are controlled by the ionic radius of rare 
earth elements. Especially, the smaller RE elements such as Eu and Gd are 
effective dopants and nearly diffuse into the whole grain, whereas the bigger 
RE elements such as Y and La tend to form the core-shell structure. RE oxides 
significantly enhance the breakdown voltage and decrease the nonlinear coeffi- 
cient of CCTO ceramics. Yttrium was employed as the additive to improve the 
application performance of CCTO ceramic. Samples with the nominal compo- 
sition CaCusTiy_,Y,Oj9_4/2 (x = 0, 0.05, 0.1, abbreviated as CCTO, YCCTO-1, 
YCCTO-2) were fabricated by the conventional solid-state ceramic processing 
[154]. The SEM images of CCTO and YCCTO-2 are shown in Figure 10.21 [154]. 
The grain size was not changed much. It was noticeable that something precip- 
itated on the grain boundaries and made the grain boundaries more obvious 
for YCCTO-2 than the pure CCTO. The precipitation was determined to be 
copper-rich phase, rather than yttrium-related phase (Figure 10.21c) [154]. The 
doping of yttrium may degrade the stability of the lattice and cause more CuO to 
segregate on the grain boundaries. 

Microcontact measurement was employed to locally investigate the elec- 
tric and dielectric properties of individual grains and grain boundaries in 
CaCu,;Ti,O,, ceramics [98]. It was evident that yttrium had dramatically 
enhanced the resistance values, of which individual grain boundaries in pure 
CCTO and YCCTO-2 were determined as 6x10’ and 1.4x10°Q by using 
locally measured cole—cole plots (Figure 10.22). It has been detected that Cu 
segregation at the grain boundaries is enhanced by yttrium doping to increase 
the thickness of grain boundary, which may well explain the rise of resistances 
of individual grain boundaries. The doping of yttrium can effectively reduce 
the dielectric loss and enhance the nonohmic property. Further investigation 
on the grain boundaries proved that yttrium doping can evidently increase 
the resistance and the potential barrier height at the grain boundaries. These 
changes are attributed to the enhancement of Cu segregation induced by yttrium 
doping. 
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Figure 10.21 The SEM images of (a) CCTO, (b) YCCTO-2, and (c) EDS results performed on Line 
AB, which lies across a grain boundary of YCCTO-2. Source: Luo et al. 2010 [154]. Reproduced 
with permission of John Wiley & Sons. 
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Figure 10.22 The complex impedance of the individual grain boundaries of the CaCu,Ti,0,, 
samples doped with different content of yttrium. The inset is the surface of the sample with 
patterned silver electrodes and microprobes. Source: Luo et al. 2010 [154]. Reproduced with 
permission of John Wiley & Sons. 
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Table 10.1 The influence of different elements on the structure and performances [144]. 


Dopants or Grain Dielectric Dielectric Voltage 
samples size constant loss Impedance Nonlinearity gradient 
Bi (high doping) —- = = $ $ ++ 

Bi (low doping) - - ++ == si / 

Y 0 0 -- + 0 $ 

Pb -- - -- ++ = ++ 

Si 0 0 0 - 0 = 

Na 0 - - + 0 $ 

Pr 0 0 0 0 0 + 
Excess Ti 0 0 - + 0 + 
Excess Cu 0 0 + + 0 $ 
CaTiO,/CCTO -- = as + a= p3 
complex 


The influence of different elements on the structure and performances has been 
summarized in Table 10.1 [144], where “+” and “—” mean increase and decrease, 
respectively, and “O” means the influence can be omitted. Suitable doping can 
effectively tune the performance index to reduce the dielectric loss, keep high 
dielectric constant, adjust voltage gradient, and increase nonlinear coefticient. 


10.4 BaTiO; Varistors of PTCR Effect 


PTCR materials are widely used in the electronics industry as temperature 
sensors, time delay circuits, and current limiters for overvoltage or overcurrent 
protection, overheat protection, and current stabilizers. BaTiO3-based or 
quasi-BaTiO,-based ternary perovskite compound is one of the main material 
groups in the PTCR family [200-321]. 


10.4.1 Introduction 


The BaTiO, material was discovered in the United States, Russia, and Japan 
during the World War II, almost at the same time [210]. Polycrystalline BaTiO, 
ceramics is an insulator at room temperature but can easily be transformed into 
a semiconductor by doping a very small amount of a rare earth element such as 
La*+, Y3+, Sb*+, and Nb*+. Such semiconducting BaTiO}, which exhibits a small 
resistivity at room temperature and an anomalous increase in resistivity near 
the ferroelectric—paraelectric Curie transition temperature (Curie point) T, 
[211], as shown in Figure 10.23 [212], is widely known as a positive temperature 
coefficient (PTC) phenomenon. This PTCR effect in barium titanate was first 
developed in the early 1950s in the Philips Research Laboratories in The Nether- 
lands [213]. The semiconductive property of BaTiO, was patented in 1954 [210]. 
Saburi investigated the detailed semiconductive properties of BaTiO, [214]. 
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Figure 10.23 Typical 
resistivity-temperature characteristic of 
BaTiO,-based PTCR material. Source: 
Adapted from Chen and Yang [212]. 
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Figure 10.24 Current-voltage (/-V) characteristics of BaTiO,: 0.3 m% La and containing 0.2% 
Al,O3, + 0.6% SiO, + 0.2% TiO,, (T. = 400 K) measured at different ambient temperatures T, 
Source: Makovec et al. 2001 [318]. Redrawn with permission from John Wiley & Sons. 


Current limiting occurs when thermal equilibrium is established under an 
applied electric field for n-BaTiO, (tetragonal) that exhibits a PTC resistance. 
The static current-voltage ([-V) curves of these ceramics are distinguished by 
an initial current maximum (Imax) followed by a near-constant current, as the 
voltage increases [215], as shown in Figure 10.24 [1]. 

BaTiO, ceramics doped with different elements are widely used as grain 
boundary barrier layer (GBBL) capacitors or as PTC resistors. After the dis- 
covery of BaTiO,, planar- and tubular-type BaTiO, ceramic capacitors were 
manufactured, whereas its applications and productions were broadened by the 
multilayer ceramic capacitors (MLCCs) using BaTiO, [216]. The first industri- 
alization of PTC thermistor in the world, which has been applied in industrial 
and consumer electronics [202-204], was fulfilled by Murata in 1959 as a heater 
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with automatic temperature controlling. Current-limiting characteristics of 
donor-doped BaTiO, ceramics have been extensively used in many industrial 
and domestic applications such as overload protection devices, delay line 
switches, and self-regulating heaters [1]. 

The current-limiting effect is possible only when the ambient tempera- 
ture T, is less than the Curie temperature (Curie point) T. If T,>T,, the 
current-limiting effect gives way to the voltage-limiting (varistor) property 
as shown in Figure 10.24 when T, > 400K, which is well known in some of 
the ceramics such as SiC and ZnO. Varistor action of (Sr, Ca)TiO, [7, 217] 
and also the electrical-field-dependent nonlinear resistivity of n-BaTiO, [218] 
were reported. Kutty and Ravi [1] reported that the BaTiO,-based ceramic 
exhibited both the varistor property and the current-limiting characteristics in 
1991. Furthermore, by modifying the GBL compositions and the post-sintering 
annealing, the breakdown voltage, leakage current, and nonlinearity coefficient 
of BaTiO, ceramics can be varied to the desired range of utility in devices. 

Over the past 60 years, diverse applications have triggered research efforts 
toward understanding compositional and structural issues that govern the 
electrical properties of BaTiO,-based ceramics [212]. The screening of dopant 
candidates from the periodic table was well scrutinized [219-221], and several 
models to explain the temperature-resistivity relation have been proposed 
[214, 222-225]. 


10.4.2 Doping Effects 


Pure BaTiO, sintered in air is an insulating material at room temperature and 
does not exhibit the PTCR effect. However, it turns to a semiconductor at room 
temperature by doping with various donor dopants. It can return to be an insula- 
tor when the donor content exceeds the critical concentration [212], which was 
set as normally less than 1 mol% by Morrison et al. [226], but actually the sol- 
ubility limits of most of the dopant elements in BaTiO, perovskite lattices are 
far higher than this critical concentration [227]. Moreover, the resistivity ver- 
sus temperature characteristic is very sensitive to the composition of dopants. 
For example, very small addition of Mn ranging between 0.01 and 0.04 mol% can 
increase the PTCR anomaly by up to a factor of 10° [228]. 

The effect of the donor dopants on the bulk electrical conductivity is strongly 
dependent on their substitution sites in BaTiO}. The type of the incorporated 
dopant is determined by the difference in valence charge between the dopant 
and the replaced host ion. Site replacement in the crystal lattice mainly depends 
on the ionic radius of dopants [219]. Trivalent ions with ionic radii larger than 
0.099 nm, such as rare earth elements La?+, Sb*+, and Y3*, substitute for the Ba2+ 
site, or pentavalent ions with ionic radii smaller than 0.09 nm, such as Sb>+, Nb**, 
and Ta**, substitute for Ti** site. While dopants, with ionic radii in the range from 
0.09 to 0.099 nm, can substitute for either Ti or Ba site, which depends on dopant 
concentration, sintering conditions, and Ba/Ti molar ratio [212, 219, 229-233]. 
La-doped BaTiO, ceramics are commonly used in varistor devices because they 
display a strong PTCR effect for La content of about 0.5 at.% [231]. This effect 
is usually ascribed to the occurrence of GBLs, which are strongly affected by 
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the bulk cubic to tetragonal phase transition at 130°C [218]. The heterovalent 
substitution La?*/Ba?* results in a nonmonotonic perturbation of the lattice and 
electronic properties by investigating the electronic excitations of the powered 
samples [234]. 

Divalent ions such as Pb?*+, Ca?+, and Sr?* are extensively used as acceptor 
dopants to substitute the Ba ions in the BaTiO, lattice [235-241]. The Curie point 
of donor-doped semiconducting BaTiO, ceramics can be shifted over a wide tem- 
perature range substantially between —100 and 480°C by compositional modi- 
fications, where substituting Sr for Ba lowers the T, and substituting Pb for Ba 
increases it [239]. The replacement by lead can increase the Curie temperature by 
4.3 °C per percentage atomic replacement, whereas the replacement by strontium 
reduces the Curie temperature by 3.5 °C [212]. 

ZnO additions were doped to BaTiO, ceramics to decrease the value of the loss 
tangent and increase the density of the sintered body [242-245]. The Zn?* cation 
has been considered as both an isovalent and an acceptor dopant in the BaTiO, 
lattice. Jafte et al. [243] reported a solid solution limit of 0.7 wt% at 1200°C for 
ZnO in BaTiO,. Swilam and Gadalla [244] found that ZnO additions above this 
limit drove the BaTiO, ceramic to a higher density. The incorporation of Zn?* 
cations into the BaTiO, lattice takes site in Ba? sites, i.e. as an isovalent dopant. 
Control of grain growth in a wide temperature range leads to ceramics with per- 
mittivity values close to 3000 and dielectric losses below 1% [246]. 

When Mn” ions are doped, Mn?* ions occupy Ti** sites during sintering, and 
the excess charges are compensated by oxygen vacancies (V+), which form var- 
ious (Mn)„—Vo complexes, for example, Mn% — V2* [247]. During cooling, the 
grain boundaries oxidize, and the concentration drops. As a result, the oxidation 
state of the manganese ions changes from 2+ to 3+ or 4+, and they act as electron 
traps, increasing the electron trap density N,. The increase in N, is accompanied 
by an increase in the resistance ratio. However, at high N, values, the resistivity 
Pmin also rises because the grain boundary states cannot be compensated by spon- 
taneous polarization in the ferroelectric phase. When barium titanate is codoped 
with donors (Y) and acceptors (Mn), the latter may not only prevent rare earth 
accumulation at grain boundaries but also segregate [248-250]. This process may 
also play an important role not only during cooling of ceramics but also during 
high-temperature synthesis [247, 251-253]. 

On the other hand, tetravalent ions, such as Zr**, Hf**+, and Sn*+, have been 
applied as substitutes for Ti ions in the BaTiO, lattices [254-256]. The substitu- 
tions of all those tetravalent dopants can significantly reduce T, and readily make 
the phase transformation of tetragonal—cubic occur at room temperature [212]. 
Zirconium added to BaTiO, results in lowering the dielectric loss and broadening 
the dielectric peak near T, [257]. Similarly, Hf and Sn exhibit strong ferroelectric 
relaxor behavior at high contents [258]. 

Desu and Payne [259, 260] found that at low donor concentrations, the 
charge of the donor ions is compensated by free electrons, which results in high 
conductivity and semiconducting properties. As the donor content increases, 
the donor concentration segregating at the grain boundary increases even 
faster until it exceeds a critical level; thereafter, the compensation mechanism 
shifts from the electronic compensation to the ionic compensation in the grain 
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boundary region [212]. The charges of the donors are compensated by negatively 
charged cation vacancies, which lead to a rise in the resistance of grain boundary 
region to the point forming a dielectric layer [221]. Hence, it creates an insulating 
layer at the grain boundary [212]. Furthermore, when acceptors are doped into 
a donor-overdoped BaTiO, insulating material, in which the concentration of 
donors has exceeded the critical level, the ceramic will recover some of its semi- 
conducting property [261-264]. This phenomenon might be explained by assum- 
ing that those acceptors inhibit donor segregation at grain boundaries [249]. 

Very stable and highly reproducible current-limiting characteristics have 
been observed for polycrystalline ceramics prepared from sintering mixtures 
of coarse-grained, donor-doped BaTiO,(tetragonal) as the major phase and 
ultrafine, undoped cubic perovskite such as BaSnO,, BaZrO,, SrTiO , or BaTiO, 
(cubic) as the minor phase [265]. 


10.4.3 Preparation of BaTiO, Ceramics 


Not only the various preparation and doping techniques but also the fabrication 
methods for producing donor-doped BaTiO, can alter its PTCR performance 
[212]. 

The commercial approach to preparing barium titanate powder is solid-state 
synthesis [253]. The starting materials and fabrication procedure of BaTiO, 
ceramics have a strong influence on their electrical properties [266, 267]. 
Classic precursors are titanium dioxide and barium carbonate. The best-known 
alternative approach is oxalate route [268]. In the first step, TiCl,, BaCl,, 
and H,C,O, solutions are reacted to form barium titanyl oxalate (BTO), 
BaTiO(C,O,), -4H,O, as a reaction intermediate. In the second step, the BTO 
is calcined at temperatures above 700°C to produce barium titanate (BaTiO) 
powder. 

BTO can be precipitated by several techniques, which differ in mixing 
sequence, process temperature, and Ba/Ti and Ba/C,O, molar ratios in the 
starting mixture [253]. The Clabaugh and Merker processes were used most 
widely. In the Clabaugh process [269], a mixture of BaCl, and TiCl, solutions 
is added to a hot oxalic acid solution. In the Merker process [270], an aqueous 
TiCl, solution is added to oxalic acid to give titanyl oxalic acid, H, TiO(C,O,),. 
Next, barium chloride is added to a heated titanyl oxalic acid solution, and 
the resultant BTO precipitate is separated. The precipitation procedure and 
BTO calcination conditions significantly influence the characteristics of barium 
titanate powders [271]. 

Calcium titanate was prepared by a solid-state reaction between calcium car- 
bonate and titanium dioxide in air at 1000 °C [253]. Ground barium titanate and 
calcium titanate powders were mixed with TiO,, SiO,, and PbO by grinding with 
polyamide media in deionized water. Yttrium (donor dopant) and manganese 
(acceptor dopant) were introduced to the starting mixture. The mixture was 
pressed into compacts with a green density of 3.0gcm73. The compacts were 
fired in air at temperatures of up to 1320°C with the heating rate of 350°C ht, 
then cooled to 800°C at a rate of 110-300°C h~t, depending on the required 
resistivity of the ceramics [253]. 
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Chen and Yang [212] summarized the interrelationships of compositions, 
microstructures, processing, and PTCR properties. There is a strong correlation 
between the donor concentration, the surface composition of the grains, the 
microstructure, and the electrical properties of the ceramics. Rare earth enrich- 
ment at grain boundaries inhibits the recrystallization process [262, 272-279]. 
As the overall rare earth content increases, the rare earth concentration in the 
grain boundary increases more rapidly than the bulk concentration because of 
the segregation processes [278]. As a result, the rare earth elements form a zonal 
shell on the outer layers of the grains. This considerably reduces the mobility of 
the grain boundaries because of the slow diffusion of the donors [253]. 

The PTCR effect in donor-doped BaTiO, is very sensitive to firing conditions 
[233, 279, 280], which can change the PTCR characteristics by introducing 
intrinsic defects such as oxygen vacancies or cation vacancies. The average 
grain size of the ceramics decreases as the barium titanate synthesis temper- 
ature increases owing to the donor impurity enrichment at grain boundaries. 
The PTCR ceramics produced from the powders, which are synthesized at 
900-1000 °C, has the lowest resistivity of 250-300 Q cm, and the grain boundary 
barriers are less uniform at higher BTO calcination temperature. Reducing the 
sintering time or sintering temperature will decrease the room temperature 
resistance of manganese-containing BaTiO, ceramics [252]. The Schottky barrier 
height can be effectively controlled by varying the cooling rate, which influences 
the density of grain boundary acceptor states [252, 281]. Adjusting the cooling 
rate in the range from 1320 to 800°C, Shut et al. [253] obtained PTC thermistors, 
produced from barium titanate powders of different particle sizes, with a room 
temperature resistance of 31 Q. The samples, which were prepared from the 
barium titanate powders and synthesized at 950-1000°C, offered the highest 
electric strength 350 Vmm_!. The average crystallite size of the parent barium 
titanate powder is 250-320 nm. The results demonstrate that the use of active 
microcrystalline materials with a small percentage of residual phases helps to 
optimize the dopant distribution to raise the density of grain boundary acceptor 
states and to improve the electrical performance of the thermistors. 

Sintering atmosphere influences the preference of the incorporation site of 
some donor elements [282], and significant substitution of Ho to Ba sites as a 
donor occurs in a reducing atmosphere while Ti replacement as an acceptor 
is preferred when sintered in air [212]. It is generally observed that the room 
temperature resistivity of donor-doped BaTiO, rapidly increases beyond the 
critical donor concentration because donor ions are preferentially segregated at 
the grain boundaries [283, 284]. 

Oxygen from the BaTiO, lattice is gradually lost at high sintering temperature, 
and then the electrical conductivity of BaTiO, ceramics increases [212]. How- 
ever, the oxygen-deficient material rapidly reoxidizes either on reheating at lower 
temperature or on cooling slowly in high oxygen partial pressure [253]. Hence, 
applying reducing atmosphere during sintering can facilitate the conductivity of 
donor-doped BaTiO, and enhance the critical donor concentration significantly 
[285, 286]. 

Generally, liquid-phase sintering can optimize the electrical properties of 
BaTiO, to realize a high-density and controlled microstructure. BaTiO, is usually 
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sintered at temperatures above 1312°C, using the liquid eutectic Ba,Ti,,O49. 
This liquid phase strongly favors the polygonal crystallization of BaTiO, [287]. 
Many oxides such as Bi,O3, LiF, B,O3, SiO,, and Al,O, [288-292] were applied 
for the formation of the required liquid phase. At sintering temperatures below 
the eutectic point, large crystallites are found nearly in the form of lamellae [293]. 
The addition of B,O, to barium titanate promotes sintering at low temperature 
by the formation of a liquid phase [294]. At a higher sintering temperature of 
1250°C, grain growth occurs because of the solution and precipitation mecha- 
nism. The addition of 0.5 mol% B,O, to the Sb,O, donor-doped BaTiO, ceramics 
retards the grain growth, whereas the addition of B,O, above 0.5 mol% increases 
the grain size. The Ti excess samples reveal the Ti-rich platelet Ba, Ti;O,, phase. 
This phase and the platelet-type structures are suppressed by increasing the 
BO, content and the sintering temperature. The XRD studies did not show any 
phases related to B,O3, which indicates to either the loss of B,O, by evaporation 
or the presence of B,O, as an amorphous phase. 

The broad grain size distributions in BaTiO, because of discontinuous grain 
growth can be narrowed by introducing the so-called “seed grains” to the starting 
powder, and seed grain additives are very useful not only for producing uniform 
microstructures but also for control of the average grain size [287]. Seed grains 
are widely monocrystalline particles that are by a factor of about 10 larger than 
those of the original powder [295, 296]; discontinuous grain growth can be 
largely suppressed in this way. As seed grains increase, the average grain size 
of BaTiO, ceramics decreases. One of the most important advantages of seed 
grains is that they have the same chemical composition as the original powder 
and can thus not change the defect chemistry and resulting electrical properties 
of the materials [287]. 


10.4.4 PTCR Effect of BaTiO; Ceramics 


Pure single-crystal BaTiO, does not have any PTCR phenomenon [297], so gen- 
erally, it is thought that the sharp change in the resistance at or around the Curie 
point is due to the change of the grain boundary barrier. The most accepted 
model to explain the PTCR behavior in donor-doped BaTiO, materials is the 
Heywang-Jonker model proposed by Heywang [222] and extended by Jonker 
[224]; this model was experimentally verified [297, 298]. According to this model, 
the PTCR effect is due to a grain boundary double Schottky barrier formed by 
electron traps, as shown in Figure 10.25 [212]. Below the Curie point, the space 
charge of surface barrier layer is compensated by the ferroelectric polarization, 
so the resistance of the material at low temperature is very low, above the Curie 
point, because of the ferroelectric phase transition to the paraelectric phase, so 
the ferroelectric compensation disappears, highlighting the effect of the acceptor 
surface state, grain boundary surface barrier sharply increases, and the electrical 
resistivity of the material generates sharp mutation. 

As shown in Figure 10.25 [212], there is a bidimensional layer of electron traps, 
i.e. acceptor states, along the grain boundaries of BaTiO}; the potential barrier 
Q, is caused by a two-dimensional electron trap along the grain boundary where 
acceptor states attract electrons from the bulk resulting in an electron depletion 
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1 
Grain boundary 


Figure 10.25 Electrical double layer at grain boundary: E, is the electron trap energy, Eç is the 
Fermi level, N, is the concentration of trapped electrons, and b is the width of electron 
depletion layer. Source: Adapted from Chen and Yang [212]. 


layer with width of b, which is related to the concentration of trapped electrons, 
N,, and the charge carrier concentration, Ny. As discussed in Chapter 2, this 
depletion layer results in a grain boundary barrier @,, which can be calculated 
by Eq. (2.5). The cubic resistivity p of the BaTiO, ceramic is related to the height 
of the potential barrier by 


p= Ae (#) (10.19) 


where A is a geometrical factor, T is the absolute temperature, and k is the Boltz- 
mann constant. As a ferroelectric material, the dielectric constant of BaTiOg, €, 
obeys the Curie-Weiss law above its Curie temperature and can be calculated by 


(10.20) 


where C is the Curie constant. Then, when the temperature is higher than the 
Curie point, the cubic resistivity is given by 


=A EN 1 T (10.21) 
P= AEP \ Be NGkC T 


where e is the electron charge, £; is the permittivity of free space, and £, is the 
relative permittivity of the grain boundary region. 

Above the Curie point, the doped BaTiO, is in the paraelectric phase, the grain 
boundary permittivity, which follows the Curie-Weiss law, decreases as the 
temperature increases, and the corresponding potential barrier increases propor- 
tionally by following Eq. (2.5) and results in steeply increasing resistivity, which 
depends exponentially on the potential barrier as denoted by Eq. (10.20). The 
energy of the trapped electrons in the grain boundary rises with the temperature 
and the potential barrier. When the energy of the electron traps reaches the Fermi 
level, trapped electrons start to jump to the conduction band, which can depress 
the increase in ġ, and p and thus ultimately enhance the conductivity. This also 
explains the negative temperature coefficient of resistivity (NTCR) effect when 
passing the point p,,,, (Figure 10.23) in the high-temperature range [212]. 
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Jonker proposed a model to accurately explain the PTCR behavior below T, 
[224]. Below the Curie point, BaTiO, is ferroelectric with its polarization along 
the tetragonal crystal axis, where the polarization direction is different from grain 
to grain because each adjacent grain has a different crystal orientation. There- 
fore, it creates a net polarization vector Py normal to the grain boundary, pro- 
ducing surface charges at the grain boundaries. In the areas with negative sur- 
face charges, which are about 50% of the grain boundary area depending on the 
nature of the ferroelectric material, the potential barrier height diminishes or 
even disappears resulting in the disappearance of the grain boundary resistance. 
For the other half of the domains containing positive charges, the potential bar- 
rier is getting higher. However, this does not matter as the electrons always flow 
through the path with the lowest barrier so that the material as a whole has 
low resistivity, too [212]. This theory is experimentally supported by Huybrechts 
et al. [299]. 

It is believed that, for donor doped BaTiO , the initial drop in resistivity (as 
shown in Figure 10.23) with an increasing donor concentration is generally 
attributed to an electronic compensation mechanism that the substituted cation 
via “donor-doping” [300]. Choosing a trivalent ion (La**) as a donor dopant, free 
electrons in the BaTiO, lattice can be generated according to Equations [212]: 


20% > 2V + O, f +4e7 (10.22) 
and/or [226] 


BaTiO, 
2TiO, + LaO, ——> 2Laț, + 2TH + 6O% + 0.50, + 2e7 (10.23) 


and leads to the general formula Ba,_,La,TiO;. Based on Eq. (10.22), the free 
electrons are generated by oxygen deficiency as occurs when sintering at high 
temperature and/or in reducing atmospheres [301]. Based on Eq. (10.23), the 
electrons are associated with the replacement of barium ion by La**. 

The subsequent rise in resistivity for dopant concentrations higher than 0.5 at.% 
is commonly attributed to a change in the doping mechanism to ionic compensa- 
tion via the creation of cation vacancies [300, 302, 303]. In the case of La-doped 
BaTiO,, the compensating defects are Ti vacancies [225]: 


A Bee + “tad 4 x 
3TiO, + 2La,O, ——> 4Laj, + 3Tin + Vn + 1206 (10.24) 


giving the general formula Ba,_,La,Ti,_,,4O3. 

Actually, the grain boundary barrier has a more complex structure. It 
comprises a Schottky barrier and an adjacent diffusion layer with a reduced 
conductance because of a nonuniform distribution of defects and impurities 
(donors and acceptors) [304-315]. The overall origin of the electrical properties 
of donor-doped BaTiO, is a grain boundary effect and greatly influenced by 
the defect structure on the BaTiO, perovskite crystal lattice [316, 317], so the 
electrical properties of donor-doped BaTiO, ceramics are influenced by different 
dopants or processing parameters. 

According to the measuring results of complex impedance spectra and 
microstructural analysis by TEM, Makovec et al. [318] classified the grain and 
grain boundary structure into three distinct regions (Figure 10.26a) and its 
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Figure 10.26 (a) Schematic 
D Y model of microstructure of 
À g donor-doped BaTiO3 and (b) 
= @, its equivalent electric circuit. 
Mp A TA ( Source: Adapted from 
ox» “0x Makovec et al. [318]. 


Grain Intrinsic Reoxidized 


b) interior grain boundary part of grain 


equivalent electric circuit model is shown in Figure 10.26b. The outer layer is an 
oxidized insulating grain boundary region; the intermediate layer is reoxidized 
semiconducting outer grain region and the inner layer is an oxygen-deficient 
semiconducting inner grain region. This heterogeneous structure in grain sys- 
tem is supported by both the phenomenon of heterogeneous electric structure 
of donor-doped BaTiO, and direct imaging from conductive atomic force 
microscopy technique [319, 320]. 


10.4.5 Varistor Characteristics of BaTiO, Ceramics 


Except the PTCR effect, BaTiO; ceramic behaves varistor characteristics with 
voltage-limiting ability, when the ambient temperature is higher than the Curie 
temperature. Figure 10.24 shows the J-V curves of La-doped n-BaTiO, ceramics 
measured at different ambient temperatures T, [1]. As T, > Tẹ, the magnitude 
of Imax decreases. When T, ~ T, (~400 K), the linear I-V relations become cur- 
rent limiting without the current maximum. With T, > T „ the Z-V curves follow 
the relation J = kV", where k is the proportionality constant. The nonlinear coef- 
ficient a increases with the applied voltage, changing continuously from unity 
(ohmic) to 3.2 at low-to-intermediate current densities. The value of a measured 
in the range from 10 mA to 1A rises abruptly to 30-50 at high electric fields. 
Depending on the processing conditions, which alter the grain size as well as the 
effective resistivity, the measured V, varies from 0.2 to 2.1 V per grain boundary. 

Highly stable varistor (voltage-limiting) property was observed for ceramics 
based on donor-doped BaTiO, ceramics (Ba,_,Sr,Ti,_,Zr,O3 (x< 0.35, y < 0.05), 
when the ambient temperature (T,) is above the Curie point (T,) by Kutty and 
Ravi [1]. As shown in Figure 10.27 [1], the J-V relation of donor-doped solid solu- 
tion, Ba,_,Sr,Ti;_,Zr,O3 with x = 0.3, y = 0.3, at T, = 273 K, is current limiting, 
whereas at T, = 300K, the voltage-limiting behavior is observed. By adjusting 
the values of x and y, the current-limiting or the voltage-limiting behavior could 
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Figure 10.27 Current-voltage (/-V) and the variation in relative dielectric constant (e,) and 
resistivity (p) with temperature (T) of Bay 7S'o3Tio.o7Z"o0203 Containing 0.03 mol% La, 1 at 273 K, 
3 at 300K, 2 and 6 are the same as in 3 containing 1 mol% La and 4 mol% La, respectively, of 
GBL modifiers (Al,O + SiO, + TiO, + K,0), 4, 5, and 7 are the reannealed 1, 2, and 6 
respectively, all the /-V curves, except 1, are measured at 300 K. Source: Adapted from Kutty 
and Ravi 1991 [1]. 


be brought to any desired temperature. This is accompanied by the shift in T,, 
as shown from the break point on the ¢,-T curve. The magnitude of £, (usu- 
ally ~10°) as well as the PTCR characteristics indicates the dominance of GBL 
properties in the ceramics. 

Kuwabara et al. [67] found donor, acceptor-codoped (Bag,4Sto¢)TiO; ceramics 
with distinct varistor characteristics at room temperature, which were prepared 
by single-step firing in air. The materials, with the Curie point at around —90°C, 
exhibited a large PTCR eftect of more than seven orders of magnitude in the tem- 
perature ranging from —90 °C (the resistivity p = 10? Q cm) to room temperature 
(p> 10'° Q cm). An apparent dielectric constant higher than 20000 and tanô 
smaller than 0.05 (at 100 kHz) were observed for the present materials at room 
temperature, and moreover, the materials exhibited nonlinear current-voltage 
characteristics with the nonlinear coefficient a in the range of 7-12, and the 
varistor field E, in the range of 0.3-1.0kV cm”. The value of æ in the present 
materials increased systematically with increasing p in their PTCR temperature 
range. It has been found that there exists a close correlation between a and the 
grain boundary potential barrier height, @,, obtained from the p—T characteris- 
tic of the materials. An almost linear relationship was also found to exist between 
a and log E, for the present materials [242]. 

Through suitable lattice substituents, the varistor property of n-BaTiO, can 
be brought down to room temperature. Yet the same specimen shows the 
current-limiting behavior at lower temperature [1]. 
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It may be possible to conclude that simple diffusion current passing through 
a double-Schottky-type barrier formed at grain boundaries is not responsible 
for the varistor properties in the present materials. The conduction mechanism 
based on the Heywang model [222] can explain an a value smaller than 6, accord- 
ing to the calculation of Mallick and Emtage [321], but such large a values higher 
than 10 as observed for the (Bay ,Sro¢)TiO3 ceramics are difficult to be explained 
by the model. The conduction mechanism through surface states at the grain 
boundary interface layer is the most likely one for the occurrence of the varistor 
function in (Bay 4Srp¢)TiO, ceramics [241]. 
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Tin Oxide Varistor Ceramics of High Thermal Conductivity 


As a result of the multiphase structure of the ZnO varistor, its temperature 
stability and aging characteristics need further improvement. Therefore, besides 
working to improve the performance of the ZnO varistor material, other new 
materials are also searched in order to achieve better stability. In 1995 [1], 
S.A. Pianaro et al. found that SnO, varistor ceramics doped a small amount of 
additives exhibited good nonlinear properties. SnO, varistors are obtained by 
solid-state sintering. Different from the multiphase structure of the ZnO-based 
varistor, the SnO,-based varistor has a simple microstructure and good stability. 
Dense SnO,-based systems present values of nonlinear coefticient, breakdown 
voltage, and barrier voltage per grain equivalent to those of the traditionally 
commercial ZnO varistors [1-7], which means the SnO,-based varistor has sim- 
ilar electrical properties of ZnO varistor, but better thermal conductivity, which 
is resulted from its simpler phase composition and lower dopant concentration, 
which makes the SnO,-based varistor one of the most promising candidates to 
compete commercially with the ZnO-based varistor. In this chapter, the electri- 
cal performance and mechanisms, thermal property, degradation behavior, and 
role of dopants for SnO,-based varistors will be introduced. 


11.1 Preparation of SnO,-Based Varistors 


Different from ZnO-based varistors with a multiphase structure, tin dioxide 
(SnO,) is a kind of n-type semiconductor with a tetragonal crystalline structure 
similar to the rutile structure [8], which has a simple microstructure and no 
phases other than the rutile SnO, are observed in its X-ray diffraction (XRD) 
pattern [9]. Rutile is the stable structure of SnO,, as shown in Figure 11.1, which 
is a kind of tetragonal lattice with the shape of double cones, the lattice constants 
a = b = 0.4737 nm and c = 0.3186 nm, and Sn is located in the gap of oxygen 
octahedron. 

Tin oxide does not densify when sintered without additives and has a loose 
structure, so the SnO, ceramic has been used as a gas-sensitive material. In 
order to obtain nonlinear electrical performance, dense SnO, ceramics were 
obtained by the introduction of densifying agents [10-13], or by the hot isostatic 
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Figure 11.1 SnO, crystal structure 
diagram. 


pressing [14, 15]. Tin dioxide does not densify during sintering because of 
the high vapor pressure of this oxide at higher temperatures, according to the 
following reaction: 


SnO, + SnO(g) + 50x18) (11.1) 


Thus, the evaporation—condensation mechanism controls the sintering process 
of this oxide [10]. The addition of CoO to SnO, produces high densification but 
still does not generate nonlinear electrical characteristics. Only when codoped 
with an acceptor (such as CoO and MnO,) anda donor (suchas N,O, and Ta,O;), 
it can display highly nonohmic current-voltage characteristics. 

By the hot isostatic pressing method, Park et al. obtained the SnO, ceramic, 
which is 97% of its theoretical density [16]. Varela and coworkers found that 
doping 2 mol% CuO could improve the density of SnO,-based varistors obvi- 
ously [10], and Zuca et al. reported that doping 2 mol% Sb,O, and 1 mol% CuO 
increased the density of the SnO, ceramic to 94% of its theoretical one [17]. 
Although dense SnO, ceramics have been obtained through various methods 
very early, until 1995, Pianaro et al. firstly found a SnO, ceramic with a good 
density and nonlinear property by doping CoO and Nb, O, [1]. Later, MgO, was 
also found to be an addition to make SnO, highly densified [18]. 

ZnO varistors have a complex microstructure consisting of several crystalline 
phases; the presence of these crystalline phases is easily verified by XRD patterns 
and scanning electronic microscopy (SEM). Unlike the ZnO-Bi,O,-based sys- 
tem, a secondary phase is not detectable by XRD in the SnO, - CoO ceramic. SEM 
analyses show that nonohmic SnO,—CoO [1-5, 19-21] systems have a simpler 
homogeneous microstructure than that of ZnO varistors [22]. 

The preparation method of traditional electronic ceramics can be used to fabri- 
cate SnO,-based varistors. SnO, powder is blended with additives and ball milled 
with ethanol, and the mixture is then dried out and pressed into green disks at a 
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Figure 11.2 Characteristic 
microstructure of the system 
$nO,-CoO-Nb,0,-Cr, 03. 
Source: Pianaro et al. 1995 
[1]. Reproduced with 
permission of AIP. 


pressure of about 160-210 MPa and subsequently sintered at 1300-1400 °C for 
one to two hours in air and slowly cooled down to room temperature [23]. This 
sintering temperature is higher than that of the ZnO-based varistor ceramics. 
98.5% of theoretical density is reached for sintering at 1250 °C for one hour, and 
the general grain size is between 1 and 10 pm, as shown in Figure 11.2 [1]. 

Contrary to ZnO varistors, these new ceramic materials are obtained by 
solid-state sintering. CoO in a SnO, matrix forms a solid solution by substituting 
Sn* ions for Co*+ or Co** ions [1, 18, 24, 25]. The amount of possible secondary 
phase precipitated at the grain boundary, if exists, is very small. Being this way, 
their electrical properties are closely related to dopant solid solution formation 
and/or solid-state precipitation of a new phase at the grain boundary. Then, 
the electrical barrier to electronic transport is created, which leads to a high 
nonlinear property [5]. 

Although most nonlinear electrical behaviors of SnO, ceramics have appeared 
in SnO,—CoO-based systems [1—5, 19, 20, 22, 26], nonohmic properties have 
also been reported in other systems [27-29]. Wang et al. [28] demonstrated 
that ZnO can substitute CoO without significantly altering the nonlinear 
coefficient compared to the previous SnO,—CoO-based system. Yongjun et al. 
[29] also obtained nonohmic properties in SnO,—Bi,O,-based systems. Castro 
and Aldao [27] showed how dopants such as Co,O,, CuO, MnO,, Bi,O,, and 
Sb,O, influenced the dielectric properties, microstructure, and densification of 
SnO,-based ceramics. 

Doping small concentrations of Nb,O; and Cr,O, can highly improve 
the nonohmic V-I characteristics of dense SnO, ceramics doped with CoO 
[1, 4, 5, 19-21], with electrical characteristics similar to commercial metal—oxide 
varistors. As an example, the SnO, varistor samples were manufactured in the 
following proportions: 98.95 mol% SnO, (Merck), 1.00 mol% CoO (Riedel), 
0.05 mol% Nb,O; (Aldrich), and 0.05 mol%Cr,O, (Vetec) [24]. During sintering, 
the CoO forms a solid solution in SnO,: 


SnO, EP 
CoO ——> Cos, + VG + Oo (11.2) 


SnO, 
Co,O3 —~*+ 2C05, + VŽ +200 + 50, t (11.3) 
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The substitution of the Sn atom by Co leads to the formation of oxygen 
vacancies, which is responsible for the high densification of this system [10]. 

In contrast to the ZnO-Bi,O,-based varistor, SnO,—CoO-based varistor 
systems present only one phase with X-ray and energy-dispersive spectrometer 
(EDS) stage precision, whereas a CoSnO,-precipitated phase at the grain bound- 
ary is determined only when the EDS stage attached to the high-resolution 
transmission electron microscopy (HRTEM) and electron diffraction is used 
[23]. The absence of experimental evidence for an eutectic liquid suggests that 
the densification observed in this system is not associated with liquid-phase 
sintering and that the sintering of the SnO,—CoO-based system is controlled by 
solid-state diffusion [18]. Other constituents of SnO,-based varistors, such as 
Nb,O,; and Cr,O,, are present in small concentrations (~0.05 mol%); however, 
they are sufficient and necessary to render the behavior of this material highly 
nonlinear [1-7]. The ceramic microstructure is strongly dependent on the Cr,O, 
concentration and the sintering temperature [5]. This oxide forms solid solution 
segregated at the grain boundaries and could react with CoO, also segregated 
at the grain boundary, precipitating as CoCr,O, in the grain boundary and 
could control the sintering and grain growth rates. Thus, its excess in the 
chemical composition leads to the formation of a porous microstructure that is 
deleterious for varistor behaviors. Otherwise, small additions of this oxide create 
an extremely favorable microstructure for nonohmic conduction. 

Because of the single-phase structure of the SnO,-based varistor, there is no 
formation of deleterious phase for electrical properties, as is the case with the 
y-Bi,O, phase for ZnO varistors [30, 31]. Thus, the heating and cooling rates 
used for varistor formation are less critical during processing. This fact can be 
advantageous for the degradation phenomena of tin-dioxide-based varistors [24]. 


11.2 Electrical Performances of SnO,-Based Varistors 


The current-voltage characteristics of varistors are highly nonlinear like back- 
to-back avalanche diodes [6]. Pianaro et al. found that [1], by doping 0.05 mol% 
Nb,O, into the SnO,—CoO (1.0 mol%) system, the SnO,-based varistor obtained 
the nonlinear coefficient a of 8 and the breakdown electrical field E, of 
187 Vmm™. Then, adding trivalent metal oxides (e.g. 0.05 mol% Cr,O3) on 
this basis was able to further improve the nonlinear coefficient a to 41 and the 
breakdown electrical field to 400 V mm, where the nonlinear coefficient a was 
obtained by linear regression of points in a logarithmic scale from 1 mA cm~? 
and the breakdown electrical field was obtained at this current density. The E-J 
characteristics of different SnO, varistor systems are shown in Figure 11.3. 
Brandkovic et al. reported that the SnO,-based varistor (99.15% SnO, + 
0.75% CoO+0.05% Nb,O;+0.05% Cr,O3, all in mole) had the nonlinear 
coefficient a of 35 and leakage current of only 0.86pAcm~ [32]. Bueno 
et al. [33] studied the influence of different additives on the electrical perfor- 
mances of SnO,-based varistors. The molar compositions of the system were 
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Figure 11.3 The nonlinear T T T f r 
electrical field versus current 
density characteristics for 
different SnO, varistor 
systems. Adapted from 
Pianaro et al. [1]). 
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Table 11.1 Nonlinear coefficient æ, breakdown electrical field E,, barrier height 
Ø», Mean grain size d, and relative density p, of the SCNCr-X varistor systems. 


Systems a E, (Vmm™’) $, (V/grain) d (um) P, (%) 
SCNCr-CeO,, 55 554 2.0 3.6 94.1 
SCNCr-Pr,O, 73 611 2.4 3.9 86.8 
SCNCr-La,O, 142 1152 23 1.9 79.7 


Source: Bueno et al. 2002 [33]. Reproduced with permission from AIP. 


98.95% SnO, + 1.0% CoO + 0.035% Nb,O; + 0.25% Cr,O, + 0.25%% (SCNCr-X), 
where x is equal to 0.25% of La,O3, Pr,O3, or CeO,. The highest a and E, 
values were obtained in the SCNCr—La,O, and SCNCr-Pr,O, compositions, 
despite the higher porosity of these systems, as shown in Table 11.1 [33]. 
For the composition of 98.95% SnO, + 1.0% Co,03;+0.035% Nb,O; + 0.25% 
CrO, + 0.25% LaO}, the nonlinear coefticient a reached 142. 

Ramirez et al. [34] showed that the SaO—CoO-Nb,O,—Cr,O, system (named 
as SCNCr) has the higher nonlinear coefficient a in the whole range of mea- 
sured current, and the breakdown electrical field (E,) was twice as high for the 
SCNCr system (540 V mm) as that for the ZnO varistor (270 V mm~') because 
of a smaller average grain size of the former (4.5 um) with respect to the latter 
(8.5 um). Despite the higher sintering temperature, the breakdown electrical field 
of SnO,-based varistors is two to three times that of ZnO-based varistors, gener- 
ally about 500 V mm! or more. As shown in Figures 11.4 and 11.5 [34], the linear 
ohmic region (Region I) of both systems are similar; the leakage currents mea- 
sured at 0.80 E, are similar for both systems, too. The high-breakdown electrical 
field of SnO,-based varistors is associated with the combined effect of grain size 
and the number of electrically active interfaces in the thickness of the varistor. 
The SnO,-based varistors reach the saturation current in a short time because of 
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Figure 11.4 I-V characteristics for the SCNCr system. Electrostatic force microscopy image 
registered with AV = 2 V applied between the tip and the sample (inset). Source: Ramirez et al. 
2008 [34]). Redrawn with permission from John Wiley & Sons. 
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Figure 11.5 /-V characteristics for the ZnO system. Electrostatic force microscopy image 
registered with AV = 2 V applied between the tip and the sample (inset). Source: Ramirez et al. 
2008 [34]). Redrawn with permission from John Wiley & Sons. 


the high resistivity of the SnO, grains, which is five times higher than that of the 
grains in ZnO-based varistors. 

The electrically active interfaces were determined with the assistance of elec- 
trostatic force microscopy (EFM) [34], as shown in the insets of Figures 11.4 
and 11.5 for the SCNCr and ZnO varistor systems. The accumulation of charges 
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Table 11.2 Comparison of parameters nonlinear coefficient a, breakdown 
electrical voltage &,,, barrier height ,, mean grain size d, and relative density p, 
between commercial ZnO- and sample SnO,-based varistor systems doped with 
Nb,O, and Cr,03. 


Systems a E, (V mm™!) $, (V/grain) d (um) P, (%) 
SnO, sample 42 676 1.62 2.4 ~97 
ZnO-C1 56 278 1.58 5.7 ~99 
ZnO-C2 48 207 1.53 74 ~96 


Source: Bueno et al. 2005 [35]. Reproduced with permission from John Wiley & Sons. 
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Figure 11.6 Comparison between the nonlinear electrical field versus current density 
characteristics of ZnO varistor systems and SO, varistor system (ZnO-C1 and ZnO-C2 are ZnO 
varistor systems). Source: Bueno et al. 2005 [35]. Reproduced with permission of John Wiley & 
Sons. 


(bright zones) observed in certain regions of the grain boundary indicates the 
presence of electrically active potential barriers. It was estimated that 85% of the 
barriers in SCNCr were active, whereas only 35% were active in the ZnO-based 
system. Meanwhile, SnO, varistors with single microstructure have a larger flow 
area on a given area theoretically, compared to ZnO-based varistors, which is also 
one of the reasons for its higher threshold electrical field. 

Bueno et al. [35] also compared the electrical properties of ZnO-based and 
SnO,-based varistors. The electrical properties of the SnO, -based varistor system 
are equivalent to that found in the commercial ZnO-based varistor, as shown in 
Table 11.2 and Figure 11.6. 

Table 11.3 summarized the electrical parameters of different SnO,-based varis- 
tors reported in the literature. The highest nonlinear coefficient reaches 142 [33], 
and the highest breakdown electrical field reaches 1820 V mm [37]. 
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Table 11.3 Comparison of electrical parameters of SnO,-based varistors reported in the literature. 


Electrical field 
Nonlinear at current density 


Varistor system coefficient 1 mA cm™? (Vmm-"') References 
SnO,-C0,0,-Nb,O;-Cr,0O, 41 399 [5] 
SnO,-C0,0,-Nb,O;-Cr,O};-La,0O, 142 1152 [33] 
SnO,-Bi,O,—Co,0,-BaO-Nb,O, 20 350 [36] 
SnO,-CoO-Al,O,-Nb,O, 72 1820 [37] 
SnO,-Bi,O,—Co,0,—Nb,O,—Cr,O, 53 340 [38] 
SnO,-Bi,O,-Co,0,—Nb,O;-Cr,O,-B,0, 80 500 [39] 
SnO,-CoO-Nb,O,-Cr,0,-Y,0, 60 363 [40] 
SnO,-CoO-Nb,O,-—Cr,0,—Ho,0, 55 385 [40] 


11.3 Mechanism of SnO,-Based Varistors 


11.3.1 Formation of Grain Boundary Potential Barrier 


The nature of nonlinearity in SnO,-based varistor systems could be the same 
as that observed in ZnO-based varistors, and is related to a Schottky-type 
barrier at the grain boundary [6, 7, 41]. According to the barrier formation 
model for metal oxide varistor systems, the physical origin of interface states 
is not an intrinsic one caused by the lattice mismatch at the boundary, but an 
extrinsic one resulting from metal atoms segregated at the grain boundaries [33]. 
These metal atoms, being mainly transition metal oxides, generally have several 
oxidation states, which facilitate the chemisorption of oxygen on the grain 
surfaces. This mechanism enables electrons to become localized at the surface, 
giving rise to a negative surface (negative interface states). To maintain local 
electrical neutrality, the charges are compensated by the space charge formed 
in the depletion region adjacent to the grain boundary. As a result, electron 
depletion layers are formed and act as potential barriers. Therefore, because the 
grain boundary region of nonohmic ceramics is richer in oxygen than the bulk 
[7], the trap state at the interface responsible for barrier formation is related to 
the negative charge trapped by oxygen species, whose degree of coordination 
differs from that of the bulk oxygen. Hence, this oxygen in the grain boundary 
region can generate an interface trap state. The interface states must, therefore, 
be formed by electrons trapped in oxygen in the grain boundary region and by 
ionized shallow donors plus deep traps in the depletion layer [7]. One of the 
possible intrinsic ionized shallow donors is an ionized oxygen vacancy. Thus, 
it can be inferred that shallow and deep donor levels in the depletion layer 
balance the electrons trapped by oxygen in the grain boundary region. However, 
the distribution of electronic states in this region depends on the nature of 
segregated transition metals [33]. 

Oxygen vacancies and electronic states on SnO, grain surfaces play a key 
role in the formation of potential barriers and determine the nonlinear V—I 
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characteristics of SnO,-based varistor. Charge carriers trapped at these thin 
interface boundaries are balanced by space charge regions in the adjacent zone of 
the grains. Varistors can be designed by doping an n-type polycrystalline semi- 
conductor with an appropriate amount of p-type semiconductor, as the latter will 
probably segregate in the grain boundary region, acting as an acceptor, forming 
oxygen vacancies and electronic states, trapping electrons in this region, and thus 
forming the potential barrier. Two kinds of electron traps are of special impor- 
tance: traps situated in the boundaries between SnO,-SnO, grains (interfacial 
traps) and those that arise from donor-like traps within the bulk of the grain (bulk 
traps). The presence of a grain boundary interface establishes a potential barrier 
and consequently a band bending. As the depletion zone is approached, trapping 
levels cross the Fermi level, causing the state of occupancy of depletion layer to 
change. These electronic transitions may be externally modulated by applying 
DC voltage. Therefore, as in other semiconductor junctions, bulk traps respond 
to an external electrical stimulus within the depletion region of SnO, grains [41]. 

The varistor behavior of SnO, can be explained by the introduction of defects in 
the crystal lattice that are responsible for the formation of Schottky-type potential 
barriers at the grain boundaries. By analogy to the atomic defect model proposed 
by Gupta for the ZnO varistor [42], the potential barrier is formed by intrin- 
sic defects of SnO, (oxygen vacancy and interstitials ionized tin atom), extrinsic 
defects created by solid substitution of dopants, and negative charges at the inter- 
face corresponding to vacancies of tin atom. These defects create depletion layers 
at the grain boundaries, leading to the formation of a potential barrier for the 
electronic transport. This transport occurs by tunneling and is responsible for 
the nonlinear property of current density versus applied electrical field [43]. 


11.3.2 Atomic Defect Model 


An atomic defect model for the SnO,-based varistor system was proposed by 
considering the grain boundary concentration of negative charge defects (O7 
and O?>) stabilized by positive charge defects (Nbg,. V2". V£). The role of Crs, 
is to create sites to promote the formation of O7 and O% defects, which are truly 
responsible for formatting the barrier at the grain boundary interface [20]. 

As shown in Figure 11.7 [44], the intrinsic SnO, defects V$- and ve and extrin- 
sic defects created by the dopants CoO and Nb,O; should be responsible for the 
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Figure 11.7 Atomic defect model to explain the barrier formation at the grain boundaries of 
SnO,-based varistor systems. Source: Adapted from Antunes et al. [44]. 
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formation of the grain boundary barrier. These dopants form a solid solution with 
SnO, at high temperatures and create defects. The positively charged donors V2* 
and Nb§, extending from both sides of the grain boundary are compensated by 
the negative charged acceptors (V, V% , Cog, , Cog.) at the grain boundary inter- 
face. The oxygen can be adsorbed at the interface and react with the negative 
defects according to [44]: 


O, + OX, (11.4) 
Vin + 40%.) > 4000) + Vin (11.5) 
Vin + 20% aa) > 20% aa) + Vsa (11.6) 
Vin + 20% 4) > 403;04) + Vin (11.7) 
Cog, + 20% aa) > 20% 4) + Cos, (11.8) 


CoO is one of the components responsible for formatting the barrier in 
SnO,-based varistors [7, 21, 26, 29]. The influence of cooling rates on the 
nonlinear electrical behavior is attributed to CoO oxidation during cooling 
(oxidation of Co atoms of the SnO,-CoO-precipitated phase). Cobalt valence 
states change according to the reactions represented by [33] 


1. 600°C 
2CoO + 7% ——> Co,O, (11.9) 
800 °C 
Co,03 + CoO ——> Co;0, (11.10) 
1000 °C 1 
E Oat (11.11) 


Cobalt atoms can, thus, affect the trapping state at the grain boundary and 
modify the potential barrier, depending on the cooling rate and the atmosphere 
employed during the sintering process of the material [2, 7, 26, 33]. Therefore, 
the amounts of cobalt atoms segregated or else precipitated in the grain bound- 
ary depend on the cooling rate. This segregate or else the precipitate can become 
richer in oxygen through oxidation of the Co atom (e.g. CoO to Co,0;) below 
1000 °C, thereby affecting the trapping state at the interface of the grain boundary 
region and, hence, the nonlinear electrical behavior of SnO,-based varistors. 

The addition of Nb,O, to the SnO, ceramics leads to an increase in the elec- 
tronic conductivity at the SnO, lattice because of the substitution of Sn** by Nbt® 
as the radius of Nb*+ (0.070 nm) is very close to that of Sn** (0.071 nm), according 
to the following reactions [33]: 


SnO, 

Nb, Os ——> 2Nbi, + 2e7 + 40% + 30, t (11.12) 
SnO, 

2Nb,O; —> 4Nbg, + V$ +50, Î (11.13) 


In order to reduce the residual voltage ratio, we could extend and flatter 
the nonlinear zone in the J-V curve. It means that more electron carriers are 
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required to participate conducting. Doping Nb** produces a large number of 
free electrons that can greatly enhance the grain conductivity [45]. 

Otherwise, the introduction of Cr,O, to the SnO, lattice leads to the substitu- 
tion of Sn** by Cr*3, according to the following reaction [33]: 


SnO, _ os zl 
Cr,03 ——> 2Crg, + Vo + 206 + 3% f (11.14) 


Moreover, doping SnO, with Cr,O, leads to a more homogeneous 
microstructure. 

As shown in Table 11.2, doping La,O, and Pr,O, can lead to a high nonlinear 
coefficient and a breakdown electrical field, which may result from the fact that 
La,O, and Pr,O, can segregate in the grain boundary, inducing electronic inter- 
face states that can trap charges at the SnO,—SnO, interface. These trap states 
mainly consist of oxygen species [7, 26]. The higher breakdown electrical field is 
due to the smaller mean grain size observed in this composition. The role of each 
dopant is summarized by the solid-state reactions [33]: 


SnO, 

LaO, ——> 2La5, + Ver + 30% (11.15) 
S003 - 2+ x 

Pr,O, — 2Pr;, + VÝ +30% (11.16) 

SnO, š m 

CeO —> 2Ce% + 20% (11.17) 
SoG: - 2+ x 

Ce, O, —> 2Ce,, + Vet + 30% (11.18) 


As a dopant, CeO, does not strongly influence the electrical nonlinearity of 
the SnO,-CoO-Nb,O;-Cr,O, system [1], as in the case of La,O, and Pr,O3, 
nor does it alter the system's porosity, as illustrated in Table 11.2. Instead, it is 
believed to form a solid-state solution with SnO, in the grain, with insufticient 
segregation at the grain boundary, which is contrary to what is probably occurring 
in the case of La,O, and Pr,O3. 

The precipitate can be viewed through HRTEM micrographs as depicted in 
Figure 11.8 for the SnO,—MnO-based varistor [7]. The precipitate observed at 
the grain boundaries is rich in Mn and oxygen, presenting a thickness of about 
5-7 nm. The mapping of the oxygen element by the EDS stage attached to SEM 
in Figure 11.9 shows that the grain boundary region is richer in oxygen than the 
grain is [7]. 


11.3.3 Admittance Spectroscopy Analysis 


Figure 11.10 presents the imaginary part of the complex capacitance 
(C" (œ) = G(@)/a, where G is the conductance) measured in the SCNCr-La,O, 
system [33]. The high-frequency region of the spectrum indicates the presence 
of an electrode inductance response, whereas a DC conductivity component is 
visible in the low-frequency region. The DC conductivity component increases 
as the temperature increases. Clearly well-defined loss peaks are visible at 
intermediate frequencies and low temperatures (from 298 to 523 K), which are 
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Mn Xray Map. 


100 nm 


Figure 11.8 HRTEM micrographies showing the grain boundary of the SnO,-MnO-based 
varistor system and a precipitate rich in Mn and O elements and about 5-7 nm of thickness. 
Source: Bueno et al. 2011 [7]. Reproduced with permission of AIP. 


Figure 11.9 Mapping of Sn, Mn, and O elements of SnO,-MnO-based varistor systems by the 
EDS stage attached to SEM. (a) A typical micrograph of the SnO,-MnO-based varistor with 
partial precipitation of the Mn in the grain boundary region; (b) mapping of Sn, indicating that 
the precipitated region is poor in Sn but rich in (c) Mn and (d) oxygen. Source: Bueno et al. 

2011 [7]. Reproduced with permission of AIP. 
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Figure 11.10 Capacitance C" (œ) = G(@)/@ as a function of temperature for the SCNCr-La,O, 
varistor system, showing a loss peak associated with the relaxation process of a deep trap state 
in the grain boundary region. Source: Bueno et al. 2002 [33]. Reproduced with permission of 
AIP. 


attributed to deep levels (deep trap states) in the grain’s bulk adjacent to the grain 
boundaries, and the loss peak of this relaxation process shifts toward higher 
frequencies as the temperature rises. These relaxation processes apparently 
follow the Cole—Cole dielectric model. The dielectric loss peak of SnO,-based 
varistor appears to be even broader than that of the ZnO-based systems. The 
broader relaxation peak is assumed to indicate a high concentration of traps 
[46, 47], whose complex dynamics may be related to cooperative interactions 
among spatially distributed traps. 

A small AC signal applied to the boundaries of the samples causes a relaxation 
process when the angular frequency of the AC signal becomes equal to the 
emission rate œ, of the electrons in a trapping state, as shown in Figure 11.10. The 
general theory of semiconductor junctions, which yields Debye-like responses, 
ensures displacements of the loss peak (C” (œ) spectra) as the temperature 
increases. The e, (which is equivalent to t~}, the time dependence of electron 
transition) depends on the temperature, according to the relationship [33] 


en = Oy = T = OVa Na expl(E, — E,)/KT] (11.19) 


where œ, is equivalent to e,, o,, is the capture cross section of the trap state, vih 
is the free-electron thermal velocity, N4 represents the donor concentration as 
previously defined, and E,—E, is the energy difference between the conduction 
band and the trapping level. The values of E.—E, obtained for each sample are 
given in Table 11.4, which are the same for all samples and are relatively close to 
those obtained with the traditional ZnO-based varistor systems [33]. 

The fact that the energies of trap states in the bulk depletion layer remain 
unchanged with the composition of the samples may indicate that this trap state 
is formed by an intrinsic defect in the SnO,-based varistor [33]. Natural SnO, 
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Table 11.4 Values of barrier height ġ,, donor concentration N,, interface-state density N,, and 
barrier width 6 for a Schottky-type potential barrier of SCNCr-X varistor systems. 


Systems $, (eV) Ng (x1072m-3)  N,(x10'6m?) ôl(nm) E,—E, (eV) 
SCNCr-CeO,, 1.10 + 0.05 7.79 3.64 23.4 0.43 + 0.02 
SCNCr-Pr,O, 1.99 + 0.04 5.76 4.21 36.5 0.41 + 0.03 
SCNCr-La,O, 2.48 + 0.06 443 41.2 4.65 0.41 + 0.02 


Source: Bueno et al. 2002 [33]. Reproduced with permission from AIP. 


cassiterite or synthetic crystals are both oxygen deficient (n-type semiconductor), 
leading to the formation of a shallow donor level approximately 0.1 eV below the 
bottom of the conduction band. This shallow donor level is ascribed to the first 
ionization energy of ionized oxygen vacancy V2 [48]. 

Therefore, it could be argued that the 0.41 eV energy observed in all the SnO, 
samples is not a shallow but a deep trap level associated with the second ioniza- 
tion energy of oxygen vacancies V2 (intrinsic defect), or even to the Cog,,, which 
is also common to all the compositions (an extrinsic defect). Thus, the defect that 
gives rise to this deep trap level can be either native to SnO, or involve extrinsic 
impurities [33]. 

Some impurities, such as Co, do not segregate or else precipitate to any great 
extent to form a large second phase in SnO,; therefore, a great amount of Co*+ 
and Co?* remains in the SnO, lattices probably forming only very shallow sin- 
gle donor-like levels. Thus, from the above-described potential barrier formation 
mechanism, it can be inferred that the defect generating these trap states in the 
bulk depletion layer is linked to the one that is present in all the compositions and 
is possibly related to an intrinsic defect, such as a VG oxygen vacancy. The first 
energy ionization of oxygen vacancies is shallow and is not visible at ambient tem- 
perature or above. Hence, as the second energy ionization of oxygen vacancies 
requires higher energy than the first one, it can only be observed in the depletion 
layer region [33]. 

In the simplest scenario, the role of transition metal segregated or else precip- 
itated at the grain boundary is that of a “grain boundary activator,” supplying 
excess oxygen to the grain boundary interfaces from the bulk [7], creating an 
interface rich in oxygen species and a deep trap level in the bulk depletion layer 
that is rich in oxygen vacancies. Therefore, it is believed that the traps at the inter- 
face of the grain boundary region that generate the potential barrier are formed 
by O°- and V@*, and trapped states in the grain bulk are also formed [33]. The 
thermodynamic equilibrium of solid-state defects at the grain boundary depends 
on the type and nature of the transition metals precipitated at the grain boundary 
and on how easily these metals oxidize [7]. 


11.3.4 Capacitance-Voltage Analysis 


The Mott-Schottky plot (i.e. Cz? versus DC-biased voltage Vpc, Cy, is the 
capacitance per unit area of a grain boundary) at room temperatures is shown 
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Figure 11.11 Mott-Schottky behavior without charge transport influence (true 
Mott-Schottky behavior) of the SCNbCr-X varistor system. (0) SCNCr-La,O3, (e) SCNCr-Pr,03, 
(+) SCNCr-CeO,. Source: Bueno et al. 2002 [33]. Reproduced with permission of AIP. 


in Figure 11.11 [33], and the value of this frequency-dependent capacitance, 
used in conjunction with the information on grain size, reflects the averaged 
Mott-Schottky response of any junction within the SnO,-based varistor. 
Table 11.4 presents the ġ,, Na, N; and barrier width ô values from this averaged 
Mott-Schottky response. It can be found that a composition with high , 
value also has a high @ value. It is found that an improved nonlinear electrical 
behavior in SnO,-based varistor systems is obtained with a higher ¢, value, in 
combination with a lower 6 value and higher N4 and N; values. It should be 
noted that the 6 value is related to the deep trap density of the grain boundary. 
In other words, the degree of nonlinearity in the nonlinear region of J-V curve 
depends significantly on the energy distribution of grain boundary states above 
the zero-bias Fermi level [33]. 


11.3.5 Effect of Thermal Treatment 


Generally, the nonlinear electrical properties of varistors can be considerably 
improved by heat treatments in oxidizing atmospheres [2, 7, 21, 26, 33]. Experi- 
mental evidence reveals that the nonlinear coefficient a in SnO,-based varistors 
is dependent on the thermal treatment under different atmospheres [26]; the 
values decrease when the varistors are thermally treated at 900 °C for one hour in 
a N,-rich atmosphere. The same behavior is also reported in the SCNCr-—La,O, 
composition [33]. The energy of the deep trap states in the depletion layer, 
associated with oxygen vacancies, is not affected by the thermal treatment in 
different atmospheres, which indicates that the main defect of oxygen vacancies 
responsible for this deep trap state does not change in this region with such a 
thermal treatment. 
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In terms of the barrier formation mechanism [7], the transition metal segre- 
gated at the grain boundary becomes oxidized (Eqs. (11.9)—(11.11)) when the 
varistor is thermally treated in an O,-rich atmosphere and that the interfacial 
region becomes rich in oxygen species that are trapped electrons (increasing 
the N;). The oxygen, which produces oxidation of the segregates and maintains 
the electrostatic equilibrium of the interface, comes from the atmosphere and the 
bulk and increases donor concentration Ng when it originates from the bulk. 
Therefore, the density of trap states at the interface N; should increase when 
the grain boundary interface of the material is oxidized, giving rise to higher ¢,. 
A thermal treatment in a N,-rich atmosphere, on the other hand, should have the 
opposite effect to the one described above. This behavior appears to corroborate 
the proposed model for potential barrier formation illustrated in Figure 11.12 
[33]. It can be concluded that the most significant electrical nonlinear features 
occur when the density of deep trap states in the bulk depletion layer (which is 
balanced by interface states) is high. 

By analyzing admittance—frequency characteristics, Bueno et al. [33] proposed 
the presence of deep trap states at E, — 0.42(+0.03) eV in SnO,—CoO-Nb,O;- 
Cr,0,(SCNCr)-based varistor ceramics doped with La,O,, Pr,O}, or CeO,. 
Orlandi et al. [49] subsequently used admittance and dielectric spectroscopy and 
obtained activation energies of about 0.49 eV for the higher frequency loss peaks 
and about 0.67eV for the low-frequency dispersion in SnO,-MnO-Nb,O, 
(SMN)-based varistor ceramics. They noted that values obtained for the 
high-frequency process in SMN (~0.49eV) are comparable with the values 
Bueno et al. [33] obtained for SCNCr-based ceramics (~0.42 eV) and postulated 
that both are associated with a deep trap in the potential barrier, namely, the 
second ionization energy of oxygen vacancies V2} [33, 49]. 

Deep-level transient spectroscopy measurements were performed to inves- 
tigate the effect of Nb,O, and Cr,O, on the electronic states of SnO,-based 
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Figure 11.12 Electronic and atomic defect model proposed for the potential barrier formation 


in metal-oxide varistors. The SnO,-based varistor system. Source: Bueno et al. 2002 [33]. 
Reproduced with permission of AIP. 


11.4 Role of Dopants in Tuning SnO,-Based Varistors 


varistors [33]. Two electron traps, E, — 0.30(+0.01) eV and E, — 0.69(+0.03) eV, 
were identified in both SnO,-CoO-Nb,O; and SnO,—CoO-Nb,O;-Cr,0, 
varistors. These two traps could be associated with the second ionization energy 
of oxygen vacancies V2" or impurities on host lattice site Cog, or Nbg,. The 
two trap levels are not associated with chromium doping, as Cr,O, doping only 
changes the donor concentration and trap densities. 


11.4 Role of Dopants in Tuning SnO,-Based Varistors 


Commonly used dopants in the preparation of SnO, varistors are CoO, MnO,, 
Cr,O3, and Nb,O;. CoO and MnO, are usually used to improve the densifica- 
tion of SnO, ceramics, and other dopants such as Cr,O, and Nb,O, are usu- 
ally used to improve electrical properties [50-77]. Codoping Cr,O3, Ni,O3, and 
MnO is efficient to improve the nonlinear property and surge the current with- 
standing performance of the SnO,-based varistors [54]. The role of dopants in 
the SnO,-based varistors can be classified into three types: sintering-assistant 
dopants, acceptor-type dopants, and donor-type dopants. 


11.4.1 Dopants for Densifying SnO,-Based Varistors 


The main role of CoO in the SnO,-based varistor is to promote the sintering. 
At high temperature, SnO, will decompose and volatile easily, leading to porous 
internal structure and low density. The incorporation of 0.3 mol% Co,O, is sufti- 
cient for getting compact SnO, varistors, with the relative density about 98% of 
the theoretical density (6.95 g cm~*) [55]. Thermogravimetric analysis shows that 
Co,O, will split into CoO and release oxygen at 950°C: 


Co,0, + 2CoO + žo, (11.20) 


As the radius of Co?+ (0.074 nm) is similar to that of Sn** (0.071 nm), Co?+ will 
substitute Sn** and enter the lattice. Oxygen vacancies resulted from the replace- 
ment would accelerate the diffusion and promote grain growth. 


SnO, 2- 
CoO —> Cog, + Vo + 0% (11.21) 
Cog, + O, > Cog, +207 (11.22) 
2Cog, + O, + 200 +20- (11.23) 


The negatively charged oxygens produced in Eqs. (11.22) and (11.23) are 
absorbed mainly on the grain boundary and promote the formation of the 
barrier. 

Fayat and Castro [51] concluded that cobalt, zinc, and manganese were stabi- 
lized as Co?*, Zn?*, and Mn?* in SnO, varistors, increasing the oxygen vacancy 
concentration, which is responsible for the increase in the densification and grain 
growth increases as the sintering temperature increases [77]. Doping Co,O, and 
MnO, increases the sintering rate of these ceramics by increasing the oxygen 
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vacancies and, as a consequence, the densification is larger. The addition of a 
higher concentration than 0.2% of Sb,O, reduces the oxygen vacancy concen- 
tration and then the sintering rate decreases. The addition of 0.1% Sb,O, does 
not affect the sintering because of the low antimony concentration, which is not 
enough to establish an adequate Sb**/Sb** ratio [27]. 

Doping SnO, with MnO or CoO leads to the creation of additional oxygen 
vacancies, which in turn increases the diffusion rate of oxygen ions and influences 
the sintering of SnO,-based varistors [41]. However, the main microstructure 
of SnO,—CoO-based ceramics is more homogeneous than SnO,—MnO-based 
ceramics, in which the presence of precipitate phase, mainly at triple points 
of grain boundaries, is easily visible [41], and the formation of Mn,SnO, and 
MnSnO, has been reported in the grain boundary region [18, 23]. When pre- 
cipitates are present in higher concentrations at triple points, they can affect the 
nature of SnO,—SnO, junctions, and hence, the number of active barriers [78]. 
Once these precipitates are present in triple junctions of the microstructure, 
they can cause adjacent SnO,—SnO, junctions poor in segregated metal atoms 
because precipitates consume the segregated metal atoms in regions adjacent to 
them [41]. Such adjacent regions generate junctions with noneftective potential 
barriers. 

CuO and Bi,O, form a liquid phase during the sintering process, which 
increases the mass transport and then the sintering rate increases [27]. The 
addition of MnO,, CoO, CuO, or Co,;0,+0.1% Sb,O3, produces varistors 
with a low dissipation in the prebreakdown region. The introduction of Cu?+ 
or/and Cu* increases the sintering rate, which accelerates the small SnO, grains 
combining with each other to grow larger, advancing grain growth. However, 
because of the low melting point of this oxide, excess copper oxide will volatilize 
during the sintering process, which is the reason why the density does not sig- 
nificantly change with the increase in copper oxide [56]. It is assumed that at low 
CuO additions (0-0.5 mol%), the CuO-based liquid phase promotes the grain 
growth and facilitates the access of Co and Cr atoms to the majority of the grain 
boundaries. At high CuO additions (2-8 mol%), the solidified CuO-based phase 
with a low nonlinearity determines the electrical properties of ceramics [59]. 


11.4.2 Acceptor Doping 


Doping materials with p-type semiconductor oxides increases the amount of oxy- 
gen species in the region of the grain boundary when compared to the bulk, 
which consists of a matrix with n-type features [41]. The p-type semiconduc- 
tor oxides such as CoO [1, 3-5], MnO [27], Cr,O, [1, 3-5], and Pr,O, [21] are 
examples of some acceptors used to increase the amount of oxygen in the grain 
boundary. The mechanism of oxygen enrichment of the grain boundary is trig- 
gered by the optimization of nonohmic properties by a suitable excess of oxygen 
species and acceptor metal atoms precipitated or segregated at the grain bound- 
ary [6, 7, 26, 33, 41]. The presence of excess oxygen at the grain boundaries can 
be caused by the p-type semiconductor feature arising from the acceptor atoms 
of the p-type dopant semiconductor segregated metal and/or precipitated phases 
at the interface of the grain boundary. 


11.4 Role of Dopants in Tuning SnO,-Based Varistors 


Generally, the nonlinear electrical properties of varistors can be considerably 
improved by heat treatments in oxidizing atmospheres [2, 7, 8, 21, 26, 33]. 
Acceptor doping can significantly improve the nonlinear coefficient and 
threshold electrical field of SnO,-based varistors, which are significant to the 
miniaturization of the device [9]. In addition, it has been confirmed that the 
grain size decreases as the doping increases, which is the reason for an improved 
threshold electrical field. 

For example [9], when the experimental formula is (99.15 — x)% SnO, + 
0.75% Co,03+0.10% Nb,O; +x% Gd,O3, the tested results show that the 
nonlinear coefficient is 13, 17, 23, 30, 23, and the breakdown electrical field 
is 325, 443, 739, 1201, 1560 Vmm7!, and grain size is 8.6, 7.9, 5.8, 3.2, 2.6 um, 
respectively, for the content of Gd,O, is 0, 0.2, 0.5, 1.5, and 2 mol%. 

Obviously, doping causes grain size reduction and influences the grain bound- 
ary electrical properties. During the sintering process, Gd,O, segregated on the 
grain boundary and reacted with SnO, or other doped oxides and the gener- 
ated compounds Gd,Sn,O, hindered the grain growth, which leads to grain size 
decreases as the doping increases. This can be confirmed by grain boundary resis- 
tance. Typically, the grain boundary resistance of ceramic samples is expressed 
by the diameter of the complex impedance spectrum cole-cole circle [9]. As a 
high-frequency impedance analyzer cannot obtain a complete semicircle at room 
temperature, all the samples were measured at 300 °C. The decrease in grain size 
means the number of grain boundaries within the unit thickness increases, so 
the grain boundary resistivity will increase with the increase of doping, whereas 
the change in grain boundary resistance does not reflect the law. It is believed 
that, in addition to the number of grain boundaries in unit thickness, the seg- 
regation at the grain boundary, Gd,Sn,O,, may also affect the grain boundary 
resistance. Gd,Sn,O, with pyrochlore structure behaves ion conduction property 
at high temperatures (200-600 °C). Therefore, at 300°C, Gd,Sn,O, segregating 
on the grain boundary will promote the composite of the adsorbed negatively 
charged vacancies and oxygen vacancies, which greatly reduces the barrier height 
and increases the grain boundary conductivity. With the increase of doping, the 
variation of grain boundary resistance increases firstly and then decreases and 
is associated with a combined effect of grain size decrease and grain boundary 
conductivity increase caused by Gd,Sn,O,. 

With the increase of doped Gd,O,, the segregation of Gd,Sn,O, will corre- 
spondingly increase, leading to the decrease in grain size. Clearly, the grain size 
reduction will make the microstructure more uniform, and the more uniform the 
grains are, the higher the nonlinear coefficient will be. A large number of second 
phases segregated on the grain boundary eventually lead to the disappearance of 
nonlinear properties. 

Ions distribute in different locations for their difference of the ion radius. As 
Co” (0.074 nm) is larger than Sn** (0.071 nm), the substitution of Sn** by Co?* 
will lead to a significant lattice distortion. As a result, most of the Co”* will stay in 
the grain boundary and only a spot of Co? will leak into the shallow SnO, lattice, 
substitute Sn** around the grain boundary, and form the depletion layer with 
donor [45]. Following the reaction (11.21), the production of oxygen vacancies 
would accelerate the diffusion and thus promote grain growth. A proper content 
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of Co,O, (less than 0.8 mol%) is beneficial for the formation of a grain boundary 
barrier. Cog, is located at the depletion layers and is important for the formation 
of a grain boundary barrier [55]. 

In the case of Bi,O3-doped SnO, ceramics, a continuous bismuth-rich 
phase between the grains or precipitation of Bi,O, phase at the multiple-grain 
junctions is not formed. The nonlinearity of the SnO,-based ceramic increases 
with the addition of Bi,O,; this increase is very small compared with the 
SnO,-—CoO-Nb,O; system. This increase in nonlinearity should be credited 
to the atomic defects created by Bi,O, because of its substitution in the SnO, 
lattices [3]. 

The addition of Fe,O, to SnO,-based varistors decreases the mean grain size 
and leakage current as well as enhances the nonlinear property and increases the 
breakdown electrical field [44, 76]. The barrier height increases to 0.99 eV from 
0.97 eV, when Fe, O, is added into the SnO,—CoO-Nb,O; system. The nonlinear 
behavior of these ceramics can be explained by the formation of atomic defects in 
the depletion layer and at interface (V, V2-, Cog, Cog,,, Fe;,,) according to the 
following equations [44]: 


SnO, 
Fe,O, ——> 2Fe;, + VŽ + 30% (11.24) 
SnO, 
2Nb,O, ——> 4Nb¢, + Vi + 100% (11.25) 
$90) 49> gateways 
CoO, ——> Coz: + VF + OX (11.26) 


Moreover, the adsorbed oxygen at grain boundaries captures electrons from 
negatively charged defects at the grain boundary and is the major responsible for 
the negative charge density at the interface [44]. 

The eftects of In,O, on the properties of (Co, Nb)-doped SnO, varistors were 
investigated [57]. With the addition of In,O,, the average grain size decreases, 
the breakdown electrical field increases, and the relative electrical permittivity 
decreases. The reason why the permittivity decreases as In,O; concentration 
increases is originated from the ratio of the grain size to the barrier width. The 
negatively charged acceptors substituting for Sn ions should not be located at the 
grain interfaces instead at the SnO, lattice sites of depletion layers. 

Moreover, antimony oxide (Sb,O,) addition degrades the microstructure 
condition by inducing porosity. Subsequent addition of CaCO, promotes 
densification and grain growth. However, it does not lead to the increase in the 
nonlinear coefficient. It only lowers the electrical field, thus makes the material 
suitable for lower voltage applications. Observed significant increase in the 
relative dielectric permittivity up to a factor of about 60 and 200 in the cases of 
antimony or antimony and calcium addition to SnO,—Co,O, (accompanied by 
the appearance of varistor effect) is due to the formation of barrier depletion 
layers at the grain boundaries [5]. Interestingly, calcium oxide has a dual benefit 
because it influences both the microstructure and the electrical behavior. 
However, although its effect on the former is positive and strong, it only partially 
affects the latter. CaO has a beneficial effect on the microstructure because it 
reduces residual porosity and enhances grain growth. Therefore, its major effect 
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is most likely associated with the creation of vacancies according to the following 
defect formation equation [5]: 


sa 2 2+ x 
CaO ——> Cag, + Vor + OG (11.27) 


ZnO promoted an increase in the unit cell volume and in the lattice micros- 
train. Zn is found in the substitution position in the crystal lattice, indicating 
that the solid solution of the ZnO in the SnO, ceramic matrix occurs [75]. The 
SnO,-based varistor system doped with ZnO or with Co,O, presents a simple 
single-phase structure under X-ray resolution in which Sn** ions are substituted 
by Zn?*, Co**, or Co? ions giving place to a solid solution [1, 51]. However, the 
existence of a Co-enriched second phase has been suggested by Oliveira et al. [79] 
on SnO,—CoO-based varistors sintered at 1250 °C for two hours using transmis- 
sion electron microscopy. Furthermore, these heterogeneities localize mainly at 
the grain boundaries and triple points and are not only rich in Co but also in 
the dopant elements eventually added to improve the nonlinear coefticient. This 
enrichment of grain boundaries with precipitates and segregated species is likely 
to control the nonohmic properties of the devices [5, 7]. 

The rare earth oxides can greatly improve the nonlinear properties of SnO, 
varistors and reduce the leakage current [10, 23]. The ionic radius of La**, Pr?*, 
Er*+, and Dy** is 0.106, 0.101, 0.088, and 0.098 nm, respectively, which are much 
larger than that of Sn** (0.071 nm). Therefore, only rare earth ions RE**+ can sub- 
stitute Sn**, but hard to take the interstitial sites of SnO, lattice. 

RE,O; > RES, + VŠ +x05 + = *0,, x=0,...,3 (11.28) 

As the radius of rare earth ions are larger than that of Sn**, the substitution 
of Sn** by RE** will lead to significant lattice distortion. Therefore, the solubility 
of rare earth elements in the SnO, crystal lattice is low, and most of the RE*+ 
will stay in the grain boundary. In other words, the incorporation of rare earth 
elements prevents the SnO, grain growth objectively. The higher the content of 
rare earth elements, the smaller the grain size in the samples. At the same time, 
the decrease in grain size of the sample means increasing the average number (N) 
of grain boundary within a unit thickness. The relationship between N and the 
breakdown electrical field £,,, single barrier voltage V, is 


E,=N-V, (11.29) 


With the increase in the doping of rare earth elements, a little change in V, 
occurs while the grain size of SnO, decreases sharply, which is the reason for the 
increase in threshold electrical field for the content of doped rare earth element 
increases. 


11.4.3 Donor Doping 


High-valence ions, such as Nb, Ta, Sb, and V [62], which have a similar radius 
to Sn**, are selected for donor impurities. The radius of Nb>+ (0.070 nm) is very 
close to that of Sn** (0.071 nm), so Nb** will replace Sn** and enter the internal 
location of the grain easily. Thus, it will introduce a large number of free electrons 
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as the reactions in Eqs. (11.12) and (11.13). Oxygen vacancies and tin vacancies 
may have the following reaction: 
2 4- 2- 
2V% + VE > V% +2V% (11.30) 


Some of the oxygens released from this reaction will be attracted to the grain 
boundary. 


O, > 20%, (11.31) 
This kind of oxygens captures free electrons easily and become negative ions. 

OF hie Or, (11.32) 

Oogt > O02 (11.33) 


A good varistor requires a high grain boundary barrier, a small grain resistiv- 
ity, and a grain boundary layer of high resistance. Donor doping is crucial to the 
formation of barrier at the grain boundary and semiconducting grains. Ta,O,; 
contributes to an increase in the electronic conductivity in SnO, [26], according 
to the reaction: 


S00, + 4— x 
2Ta,O; ——> 4Tat, + VE + 100% (11.34) 


Ta,O; dopant has a great effect on the electrical properties of SnO,-based 
varistors. A high nonlinear coefficient of 52.6 for varistors doped with 1.00 mol% 
Ta,O, was obtained [58]. Ta,O; can enhance the threshold voltage of SnO,-based 
varistors, which is originated from the decrease in the SnO, grain size. 

Fayat and Castro [51] found that doping Sb,O, or Nb,O; can reduce the total 
oxygen vacancy concentration and the grain growth. In the Sb,O, addition, the 
possible substitution equations are: 


asr - 2+ x 

Sb, O; —> 2Sb5, + V3 + 30% (11.35) 
SnO, Ps = 1 

Sb,O;, ——> 2Sbg, + 2e7 + 406 + 502 tT (11.36) 


Sb,O, addition to SnO,—CoO-based varistor produced a diminution in the lat- 
tice volume. This diminution in the volume could not be produced by the Sb?+ 
stabilization (Sb? radius is 0.76 A and Sn** radius is 0.71 A). According to the 
volume lattice data and the ionic radii, Sb°* stabilization is produced (Sb** radius 
is 0.62 A). Sb,O, is the stable form up to 970°C, but Sb, O, is more stable at higher 
temperatures. However, the Sb*+/Sb3* ratio depends on both the temperature 
and the concentration at ambient oxygen [52]. Then, it is possible that the trans- 
formation of Sb*+ into Sbē* takes place during the cooling process. Sb,O, addi- 
tion favors the formation of CoSnO, particles and Nb,O; favors the formation 
of particles with an intermediate composition between CoSnO, and Co,SnO, in 
systems with Co,O,. These particles could also control the sintering and grain 
growth rates [51]. 

The addition of WO, inhibits the grain growth of the SnO,—ZnO ceramic, 
although it does not influence the densification of the system. The segrega- 
tion of WO, is, probably, responsible for the increase in the resistivity of the 
SnO,-ZnO-WO, system [75]. 


11.5 Thermal Performances 
11.5 Thermal Performances 


As discussed in Chapter 6, the breakdown, energy absorption capability, and 
thermal runaway are all directly related to the thermal conductivity of varistors. 
Leakage current gradually increases the varistor temperature and eventually 
leads to thermal breakdown and invalidation. Bi,O, in the grain boundaries 
of ZnO varistors will gradually melt and evaporate. Then, the leakage current 
increases afterward, whereas the resistivity of the semiconductors decreases as 
the temperature increases, and then the temperature rises continuously, leading 
more grain boundaries melt and evaporate. The vicious circle eventually leads to 
the failure of the varistor. Therefore, a good varistor device requires good thermal 
conductivity, which is essential to the stability and energy-handling capability. 

Because of the multiphase structure, ZnO-based varistors have poor temper- 
ature stability and aging characteristics. In contrast, the SnO, varistor shows a 
higher thermal conductivity than commercial samples of the ZnO-based varis- 
tor, as shown in Figure 11.13, which is resulted from its simpler phase composi- 
tion and lower dopant concentration, and much better temperature stability as 
a result. It is a remarkable property that enables this material to compete com- 
mercially with ZnO-based varistor devices [35]. LFA-427 equipment was used to 
directly determine the value of thermal diftusivity. 

The thermal conductivity of the SnO,-based varistor is remarkably different 
from that of commercial ZnO varistor. The value of thermal conductivity of 
SnO,-based varistor is about 70% higher than that measured from commercial 
ZnO samples at lower temperature and almost 85% higher as the temperature 
increases up to 923 K [35]. 

The comparison of thermodynamic properties between SnO, and ZnO 
varistors is shown in Table 11.5 [80]. The thermal conductivity 4 of SnO,-based 
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Figure 11.13 Thermal conductivities of commercial ZnO varistors and SnO,-based varistors. 
Source: Bueno et al. 2005 [35]. Reproduced with permission of John Wiley & Sons. 
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Table 11.5 Comparison of thermodynamic properties between SnO, and ZnO 


varistors. 
Parameters ZnO varistor SnO, varistor 
Thermal conductivity A (W K-! cm~?) 0.25-0.3 ~0.5 
Static elastic modulus £, (GPa) 116 + 14 212+6 
Dynamic elastic modulus E} (GPa) 120+2 25143 
Bending strength o, (MPa) 106+3 207+5 
Thermal expansion coefficient y (K~!) 7.10 x 10-6 2.10 x 10-6 


Source: Ramirez et al. 2008 [80]. Reproduced with permission from John Wiley & Sons. 


varistor is almost two times that of ZnO varistor [35], which is more conducive to 
thermal diffusion, and further improves its ability against the thermal damages. 
The thermal expansion coefficient 7 of SnO, varistor is much smaller than that 
of the ZnO varistor, and its static elastic modulus E,, dynamic elastic modulus 
E and bending strength oç are all almost twice those of the ZnO varistors [80], 
which makes SnO,-based varistors have a more prominent resistance to thermal 
stress damage. 

Thus, SnO,-based varistor presents several advantages on the commercial 
ZnO-based varistor. Once the electrical properties of both are equivalent, other 
physical properties such as thermal conductivity favor the use of the SnO,-based 
varistor. In addition, the chemical features also favor the application of the 
SnO,-based varistor as a commercial device. For instance, dopants such as 
Nb,O; and Cr,O, are required in small concentrations (~0.05%), which could 
be good for cost and also to thermal treatments [35]. The bismuth and spinel 
phases in the ZnO varistor can have its composition changed by the thermal 
effect during operation and cause a thermal damage on the microstructure. For 
example, the Bi,O, phases in the grain boundaries of ZnO varistor have low 
melting point, which is a disadvantage to thermal runway stability. 

For this reason, it is expected that for the SnO,-based varistor, these prob- 
lems can be minimized because of its higher refractory features. In addition, the 
microstructure is simpler compared with the commercial ZnO varistor and is 
also a good point to control the processing of the device. The DC-accelerated 
aging tests on commercial ZnO varistors and SnO,-based samples showed that 
SnO,-based varistors were more stable than commercial ZnO varistors [35]. 

In addition, because the ZnO varistor has a complex multiphase microstruc- 
ture, when it suffers a thermal stress damage, the cracks will develop along 
the easy paths provided by the bismuth-rich grain boundary phase and the 
intercrystal phase [81]. When the thermal breakdown failure or puncturing 
damage happens, the grain boundary formed by Bi,O, of low melting point 
tends to melt first. The SnO, varistor has a simpler, more uniform single-phase 
structure, there is no fissile, fusible second phase, and therefore less prone to the 
above-mentioned various damage. 


11.6 Degradation Behaviors 


In the failure test of ZnO varistors, it is often observed that the sample is 
punctured or cracked [80, 82], but in the same conditions of the damage test, 
the SnO, varistor is often shown as outer insulation layer failure first and shows 
better resistance to damage [83]. 


11.6 Degradation Behaviors 


Ramirez et al. [82] reported the degradation behavior of SnO,-based varistors 
and commercial ZnO-based varistors under current pulses (8/20 us impulse 
current), and it was found that a more severe degradation occurred in the 
ZnO-based varistors concerning their nonohmic behavior, whereas in the SnO, 
varistor system, a good nonohmic behavior remained after the degradation. 
These results indicate that the degradation in the metal oxide varistors is 
controlled by a defect diffusion process, whose rate depends on the mobility, 
the concentration of metastable defects, and the amount of electrically active 
interfaces [82]. During the aging process, the metastable defects, which are 
defects positively charged with high mobility and located in the depletion 
layer, Zn}, Zn?*, V$, V2" in the ZnO varistors [16] and V$, V2*,Nbg, in the 
SnO,-based varistor [24] migrate to the grain boundaries where they are capable 
of recombining with negatively charged defects O7, O2% in both systems. The 
better performance of the SnO,-based varistors compared with the ZnO varis- 
tors may be related to the greater number of active potential barriers. EFM was 
used to analyze the surface charge accumulated at the grain boundary regions 
before and after degradation [60], and the proportion of active grain-grain 
junctions was 85% for the SnO, varistor against 35% for the ZnO varistor [34]. 
The ZnO varistors has a heterogeneous microstructure with the presence of 
different phases and interfaces, which leads to the low number of active barriers 
before degradation. A degradation by current pulses will transfer more energy 
to the varistors than a degradation by DC voltage. This energy is sufficient to 
activate the diffusion of metastable defects and degrade the potential barriers. 
However, the SnO, varistor system was observed to be very stable when it 
was subjected to degradation under DC voltage and high temperature, and the 
number of active barriers was not changed [53]. Also up to this moment, the 
metastable interstitial defects in SnO, varistors had not been identified, for 
example, Sn}* is capable of helping in the degradation of the potential barrier. 
Furthermore, the high thermal conductivity of the SnO, varistor system is 
capable of avoiding the diftusion processes related to the degradation [82]. 

The SnO, system also exhibits a minimum variation under continuous current; 
this result indicates the existence of metastable defects of low concentration 
and/or low diffusion in the SnO, system [53]. High energy is necessary to 
degrade the barriers because of defect annihilation in the SnO, system. The 
high number of active interfaces in the SnO, varistor system allows high voltage 
ratings and small thicknesses. This is helpful to further minimize the size and 
weight of varistors. 
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11.7 Development of SnO,-Based Varistors 


SnO, varistor ceramics are still in the developing stage. Although there are many 
advantages compared with ZnO-based varistors, including electrical and thermal 
properties, there exist some challenges for this material to be ready for lightning 
protection. One of the vital elements is its relatively high residual voltage ratio. 
The residual voltage ratio is defined as the ratio of the residual voltage under high 
impulse current and the voltage under the 1 mA DC current. The residual volt- 
age ratio can intuitively reflect the overvoltage-limiting ability and the nonlinear 
properties of varistors at high current, normally the value is lesser than 3. The 
lower residual voltage ratio means the better performance in suppressing volt- 
age. Generally, the commercial ZnO-based varistors’ voltage ratio is about 1.7, 
whereas the value of SnO,-based varistors is more than 2 [40]. 

The residual voltage ratio was lowered further by composition optimization 
and preparation technique to increase the capability that the SnO,-based varistor 
withstands surge current [45]. The studied SnO,-based system included the fol- 
lowing compositions: (94.6 — x) SnO, + 0.5% Co,O, + 0.04% Cr,O, +x% Nb,O;, 
all in mol%, the results are shown in Table 11.6 [45]. The sample with 0.07 mol% 
Nb,O; has the lowest residual voltage ratio of 1.86, nonlinear coefficient a of 42.6, 
threshold electrical field of 364.6 V mm", and leakage current of 1.85, all these 
electrical properties reach the level of the commercial ZnO varistor. 

The residual voltage ratio is not only associated with the grain resistance but 
also with the grain size [45], which is proportional to the grain size. When the 
Nb,O, content is less, with the increase in the Nb,O; content, more Nb** ions 
enter into the lattices replacing Sn**, distort SnO, lattices, improve the diffusion 
of ions, promote grain growth, and make the residual voltage ratio increase. At 
the same time, the grain growth and reduction of the number of grain bound- 
aries make the grain boundary resistance lowered. Secondly, the effect of grain 
growth due to Nb*+ decreased, whereas the production of a large number of free 
electrons in the crystal reduces the grain resistivity, provides a large number of 
carriers, and lead to the lower residual voltage. Excess of free electrons make 
the depletion layer of the grain boundary weakened or disappeared, which also 
reduces the grain boundary resistance [45]. Nevertheless, the substitution of Sn** 
by Nb** has a maximum value; over this limit, the extra Nb** ions would not enter 


Table 11.6 Influence of Nb,O, concentrations on parameters of SnO,-based varistors. 


Nb,O, Leakage Residual 

concentration Nonlinear E; current voltage Meangrain Relative 
(mol%) coefficienta (Vmm™') (pA) ratio size (um) density (%) 
0.05 29.4 415.4 17.6 2.29 3.04 97:5 

0.06 29.5 491.2 8.5 2.71 3.11 98.6 

0.07 42.6 364.6 1.85 1.86 3.00 98.2 

0.08 40.0 198.1 0.19 2.22 2.90 97.0 


Source: Wei et al. 2011 [45]. Reproduced with permission from Springer. 


11.7 Development of SnO,-Based Varistors 


the SnO, lattice but accumulate in the grain boundary. These Nb** ions will in 
turn hinder the formation and transport of electrons and other defect ions, result- 
ing in both the residual voltage ratio and the grain boundary resistance increase, 
and also to minimize the leakage current. As shown in Table 11.6 [45], the reduc- 
tion of grain size also proves this. 

The similar research was worked on the influence of Cr,O, on the residual 
voltage ratio of SnO,-based varistors, and the lowest residual voltage ratio of 
1.68 was from the SnO,-based varistor with a Cr,O, concentration of 0.03 mol% 
[61]. The mean grain size of SnO,-based varistor ceramics decreases from 3.63 to 
2.81 um as the Cr,O, content increases from 0.02 to 0.06 mol%, and the thresh- 
old electrical field E, is markedly improved from 364.9 to 800.9 V mm! as the 
Cr,O concentration increases. Figure 11.14 shows the influence of Cr,O, con- 
centrations on the residual voltage ratio of SnO,-based varistor ceramics [61], 
the variation trend can be divided into three stages. 

As the ionic radii are different, various ions will distribute in different locations 
inside the material during the sintering process. The radius of Co?* ions (Co,O, 
will decompose into CoO at 950 °C) is 0.074 nm, which is similar to that of Sn** 
ions (0.071 nm). It is possible for Co? ions to enter the lattice of SnO, to displace 
Sn** ions. The radius of Cr** is 0.063 nm, which is much smaller than that of 
Sn* ions. As a result, Crêt ions displacing Sn** ions will bring large distortion 
of lattices. Cr+ ions will remain in the grain boundary preferentially [61]. Cr?+ 
ions accumulating in the grain boundary will hinder the growth of grains. That 
is why the grain size decreases as the Cr,O3 concentration increases and gives 
rise to the corresponding changes in the electrical properties of SnO,-based 
varistors ceramics. 

As the curve in Figure 11.14 shows [61], first, the residual voltage ratio 
decreases as the Cr,O, concentration increases. In this stage, the decrease in 
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Figure 11.14 The influence of Cr O, concentrations on the residual voltage ratio of 
SnO,-based varistors ceramics. Source: Wei et al. 2011 [61]. Reproduced with permission of 
John Wiley & Sons. 
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grain size is the crucial factor that influences the residual voltage ratio, which 
is related not only to the grain resistivity but also to the grain size. The Cr,O, 
addition decreases the residual voltage ratio of SnO,-based varistor ceramics by 
means of reducing the grain size at a low Cr,O, concentration and the lowest 
residual voltage ratio is 1.68, when the Cr,O, concentration is 0.03 mol%. 

When the Cr,O, concentration increases from 0.03 to 0.05 mol%, the residual 
voltage ratio of the samples increases [61]. With the increase in Cr,O3 content, 
abundant Cr+ ions accumulate at the grain boundaries and the concentration of 
Cr** ions at the grain boundary becomes saturation. Meanwhile, the effectiveness 
due to the decrease of the grain size is weakened while a part of Cr** ions begin to 
enter the lattice of SnO, and displace Sn** ions. As mentioned above, this kind of 
substitution will bring large lattice distortion and a great deal of defects. When 
Cr3+ ions displace Sn*+ ions, Cr+ ions will accept electrons and bring oxygen 
vacancies. The reaction process is as follows: 


520: - 2+ x 
Cr,0, ——> 2Cr, + VŽ +30% (11.37) 


The large number of oxygen vacancies and other defects generated in this pro- 
cess hinder the transport of electrons instead. Thus, the decrement of the carriers 
increases the residual voltage ratio. Therefore, in the stage, as the Cr,O, con- 
centration increases, the block of abundant defects makes the residual voltage 
ratio rise. 

When the Cr,O, concentration increases over 0.05 mol%, the residual voltage 
ratio has a slightly downtrend. This is possibly because excessive Cr,O, addition 
forms the second phase in the grain boundary [61]. The displacement of Sn** 
ions by Cr** ions exists a maximum. The extra Cr,O, additions beyond the satu- 
ration value in the grain boundary may create a second phase of the spinel-type 
structure. Varela and coworkers observed SnO,-based varistors ceramics doped 
with Co and Cr by a high-resolution transmission electron microscope and found 
that a second phase appears in the grain boundary, like CoCr,O, [25]. This ionic 
compound of spinel-type structure will deteriorate the nonlinear characteris- 
tics and depress the resistivity of the materials. Therefore, the residual voltage 
ratio is decreased. Thus, when Cr,O, is added over the saturation value (here 
is 0.05 mol %), the second phase in the grain boundary caused by extra Cr,O, 
additions decreases the residual voltage ratio slightly. 

These exciting results prove that the SnO,-based varistor is a promising varistor 
material as an interesting candidate to substitute the traditional multicomponent 
ZnO-based varistors. 
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WO,-Based Varistor Ceramics of Low Breakdown Voltage 


The electronic and microelectronic systems are eager for the low breakdown 
voltage varistors. \WO,-based varistor ceramic is a new kind of low-voltage 
varistor with a low threshold electric field of 5-10 V mm™}, small operating 
current, and high nonlinear coefficient of 5-8. The high dielectric constant 
of WO,-based varistors enables them to act as a varistor in parallel with a 
capacitor, which is attractive for applications in the elimination of electrical 
noise of micromotors, protecting contact of delays and absorbing discharges of 
some circuits. Known experimental facts indicate the complication of electrical 
properties of tungsten oxide, which depends on fabricating conditions and 
exhibits many phase transitions in a wide temperature range. A double-Schottky 
barrier model is introduced to explain the nonlinear behavior of WO,-doped 
ceramics. The polarization caused by phase coexistence destroys the stability of 
electrical properties of WO,-based varistors. It is a great challenge to improve 
the stability of the physical properties of WO, ceramics; these instable electrical 
properties of WO, ceramics can be successfully eliminated by CeO, and other 
rare earth oxide dopings. 


12.1 Introduction 


It is known that the barrier voltage of ZnO varistor is 3—4 V with a grain size of 
about 10 pm and a breakdown voltage of 200—400 V mm”!. The only two ways to 
decrease the breakdown voltage of varistor devices are to increase the grain size 
and/or to decrease the thickness of the devices. Therefore, if low breakdown field 
about 10 V mm™! is required, the grain size must reach as large as 150-200 um, 
the thickness of ordinary varistor devices can be decreased to as low as 0.5 mm, 
which is very difficult to obtain in practice. However, if it is possible to reduce 
the barrier voltage, varistors with low breakdown voltage can be made easily [1]. 
However, even in the new kinds of low-voltage varistors developed, such as TiO,, 
SnO,, and SrTiOs, the barrier voltage is greater than 0.4 V in most cases, which 
is still too high to achieve good low breakdown voltage varistors. 

Tungsten trioxide (WO) has been used in the electrochromic device [2], 
toxic gas sensor [3], photocatalytic degradation [4], and others. The electrical 
properties of WOs, especially the nonohmic voltage—current characteristic, can 
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be easily changed by doping some metal oxides [5, 6]. In 1994, Makarov and 
Trontelj [7] first reported nonlinear current-voltage characteristics of Na,CO, 
and MnO,-doped WO, ceramics with a nonlinear coefficient about 7 in the 
current density range from 1 to 10mAcm™ and relatively low breakdown 
voltage with the value of 6-10 V mm}. In addition, the permittivity of WO, is 
higher than that of others [8], such as SrTiO, and TiO}. 

WO,-based varistor ceramic is a kind of low-voltage varistor with a low 
threshold electric field, small operating current, and high nonlinear coefticient, 
and its high dielectric constant enables them to act as a varistor in parallel with 
a capacitor, which is attractive for applications in the elimination of electrical 
noise of micromotors, protecting the contact of delays and absorbing discharges 
of some circuits. Therefore, WO, is a good candidate for capacitor—varistor 
with a low breakdown voltage and has a good application prospect in the field of 
microelectronics. 

For practical applications, it is important for materials to exhibit stable physical 
properties in the course of time. Unfortunately, the electrical properties of sin- 
tered WO, ceramics have been found quite instable. When a constant DC voltage 
was applied on a WO, ceramic sample, the current responded very slowly and its 
magnitude would decay even by a factor of 10 as the time increases [9]. It is a great 
challenge to improve the stability of the physical properties of WO, ceramics. 


12.2 Tungsten Oxide 


The main component of WO,-based varistor system is WO,. The crystal struc- 
ture of WO, is a distorted perovskite structure that has A cation vacancy in the 
ABO, perovskite structure. Oxygen atoms compose octahedral structure and a 
tungsten atom in the center of the octahedral [10, 11], as shown in Figure 12.1. 
Actually, WO, does not strictly meet the stoichiometric but always present a dif- 
ferent level of oxygen deficiency within the material. 

WO, crystals are generally formed by corner and edge sharing of WO, 
octahedra. The following phases are obtained by corner sharing: monoclinic 
II (e-WO,), triclinic (6-WO,), monoclinic I (y-WO,), orthorhombic (B-WO,), 
tetragonal (a-WO,), and cubic WO,. However, cubic WO, is not commonly 
observed experimentally. The detail of the polyhedral representations of these 
six structures is shown in Figure 12.2 [11]. 

In the temperature range of —40 to 740°C, WO, exhibits many phase tran- 
sitions [12]. Like other metal oxides, WO, crystal-phase transitions can take 
place during annealing and cooling. It has been widely reported that for WO,, 
in bulk form, phase transformation occurs in the following sequence [13, 14]: 
monoclinic II (e-WO,, <—43 °C) > triclinic (6-WO,, —43 to 17°C) > mono- 
clinic I (y-WO3, 17-330 °C) > orthorhombic (B-WO,, 330-740 °C) > tetragonal 
(a-WO3, >740°C). The above phase transitions of WO, have been reported to 
be partially reversible. At room temperature, monoclinic I (y-WO,) has been 
reported as the most stable phase, with triclinic (6-WO,) also being observed 
[13]. When annealed at high temperature, WO, transforms to other crystal 
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Figure 12.2 Tilt patterns and stability temperature domains of the different polymorphs of 
WO, . Source: Roussel et al. 2000 [11]. Reproduced with permission of International Union of 
Crystallography. 
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phases (usually B-WO, and a-WO,). However, WO, is generally unable to retain 
these alternate phases when it is returned to room temperature. The monoclinic 
II phase (e-WO,) is only stable at subzero temperature and is thus rarely 
encountered outside the laboratory [15]. Therefore, usually, unless specified, the 
term “monoclinic” refers to the monoclinic I phase. 

It should be pointed out that the phase transition temperature is related 
to the cooling or heating history of material. On the other hand, the phase 
transition temperature is related to the thermal history, and there is an obvious 
phenomenon of thermal hysteresis. The outer electron configuration of tungsten 
is 5d*6s?; therefore, the compounds can present +2, +3, +4, +5, and +6 valences. 
Often various valences coexist in WO,. Usually, the oxygen content in the 
WO, does not meet the strict stoichiometric ratio because of different levels 
of oxygen vacancies, the oxygen loss traverses many intermediary suboxides, 
WO,_,, with some crystallographic shear planes [16]. Some W* reduced to 
Ww** ions and form a mixed-valence oxides of W°+ and W*t. Moreover, it 
was found that W5+ and W® exist in all of the crystalline tungsten oxides; for 
example, W,gO49(=WO,7.) expressed by We*W?+Oy because of changing 
valence of tungsten ions [17]. Thus, the known experimental facts [16] indicate 
the complication of electrical properties of tungsten oxide, which depends on 
fabricating conditions. 


12.3 Preparation of WO;-Based Varistors 


WO,-based varistor is prepared by conventional ceramic techniques. The 
traditional preparation of electronic ceramics is also applicable for WO,-based 
varistors. The samples are sintered at 1100-1300°C in air for two hours. The 
nonlinear coefficient of the voltage—current characteristics of the Al,O,-doped 
WO, ceramics increases with sintering temperature and attains the maximum 
value at 1250°C [18]. 

Different from other series of varistor materials, in the case of no additives, 
WO, single-crystal and polycrystalline ceramics already have certain nonlinear 
voltage—current (V-I) characteristics without any impurities doped because 
they contain monoclinic and triclinic phases. This illustrates that WO, ceramics 
may have inherent interface states [19]. Sawada and Danielson [20] first observed 
nonohmic V-I characteristics both in WO, single-crystal and polycrystalline 
ceramics, but the following long period of time, this phenomenon and related 
issues did not attract attention. Wang et al. [9] found that undoped tungsten 
oxide exhibits a nonlinear voltage—current characteristic with nonlinear coeffi- 
cient a about 3.5 from 0.01 to 0.1 mA, and the breakdown voltage is insensitive to 
the thickness of WO, varistor disk. The voltage—current curve of WO, ceramics 
under AC and DC voltages shows different behaviors, the AC response is linear, 
and the DC one nonlinear. The time of current response to applied DC voltage 
is very long. 

After doping, lower threshold electric field and more significant nonlinear 
voltage—current characteristic can be obtained. Until 1994, Makarov and Tron- 
telj firstly reported the nonlinear properties of doped WO, ceramics [7]. Their 
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results showed that incorporation of MnO, and Na,CO, significantly improved 
the nonlinear properties of WO,-based varistors, but the electrical properties 
are very unstable. As the melting points of sodium tungstate are about 700°C, 
the densification of Na, Mn-doped WO, ceramics occurs in the presence of 
a liquid phase, distributed at WO, grain boundaries [7]. A better proportion 
for WO,—MnO,-—Na,CO,—CoCO, system is 95.5 : 3.0 : 0.5 : 1 (mole fraction). 
Dopant of Al,O; can improve the electrical stability of WO,, but in meantime 
reduce the nonlinear property. The additives for WO,-based varistor system 
usually are Na,CO;, MnO,, Co,O,, CuO, SrCO,, CeO,, Al,O;, and rare earth 
oxides. The conductivity of the doped WO, ceramics is higher than that of the 
undoped ones [5]. 

A general view of the microstructure of the WO,-0.5Na,O-—4.0MnO, ceram- 
ics shows that it is composed of an intergranularly cracked matrix of grains with 
the diameter in the range of 10-20 um and of a secondary phase on the edges 
as shown in Figure 12.3 [7]. On the backscattered electron image of the polished 
cross section, two types of the intergranular phase are distinguished (Figure 12.4) 
[7]. Energy dispersive X-ray (EDX) analysis shows that the chemical composi- 
tion of the dark secondary phase corresponds to MnW0O,, as already shown by 
X-ray diffraction (XRD) analysis. The light secondary phase containing Na and 
W besides O is a mixture of sodium tungstate. According to EDX analysis, the 
matrix grains contain only W and O [7]. 

The sintering temperature plays an important role in the nonlinear electrical 
characteristics and dielectric properties of the ceramics through its influence 
on the microstructures of samples. The nonlinear coefticient « and the dielec- 
tric constant £ increase with the increase in the sintering temperature until it 
reaches the maximum value at 1150°C. The varistor of WO,-0.8 mol% Y,O, 
composite sintered at 1150°C has a maximal nonlinear coefficient of 3.5 and 
a high dielectric constant of 1.13 x 10*. However, sintering temperature higher 
than 1150 °C is not favorable for the nonlinear electrical behavior of the ceramics. 


Figure 12.3 A typical SEM micrograph of WO,-0.5Na,0-4.0MnO, ceramics. Source: Makarov 
and Trontelj 1994 [7]. Reproduced with permission of Springer. 
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Figure 12.4 SEM micrograph of a polished cross section of a WO;-0.5Na,0-4.0MnO, 
ceramics. A, WO, grains; B, dark intergranular phase; and C, light intergranular phase. Source: 
Makarov and Trontelj 1994 [7]. Reproduced with permission of Springer. 


The sintering temperature of 1150°C may be a compromise which leads to the 
optimum nonlinear properties for the sample of Y,O,-doped WO, [21]. 

In addition, new preparation methods can be used to improve the properties 
of WO,-based varistors. Wang et al. [22] using RF magnetron sputtering pre- 
pared WO, thin films on the quartz glass substrates. They found that the films 
had favorable nonlinear electrical behavior with a nonlinear coefficient of up to 
10 or more. 

Nanoinitial powder greatly affects the sintering properties of ceramics. The 
WO,-based ceramic doped with nano-sized Ce did not change much the nonlin- 
ear coefticient, still with a low threshold electric field, but the dielectric constant 
increased significantly [10]. 


12.4 Electrical Performances 


WO,-based varistor ceramics developed by Wang et al. [23] were reported to 
have a nonlinear coefticient of 3-7, breakdown voltage of 3-10 V mm™! [7], and 
a high dielectric constant [8]. However, compared with the TiO, -based varistors, 
W0O,-based varistors have a smaller nonlinear coefficient, lower barrier voltages 
(~0.04 V) [1], and a higher dielectric constant [24]. WO, is a nonstoichiometric 
n-type semiconductor, and even a very small decrease in oxygen content in WO, 
gives rise to an increase in the electrical conductivity [8]. Yang et al. [25] studied 
the CeO,-, Dy,O3-, and La,O3-doped WO, varistor ceramics, which behaved 
a nonlinear coefticient a of 6.8, but its breakdown electric filed E, increased to 
50.9 V mm™!. The influences of different additives on the electrical performances 
of WO,-doped varistors are summarized in Table 12.1. On the whole, the nonlin- 
ear coefticient of WO,-based varistor is in the range of 5-8, and the breakdown 
electric field is about 5-10 V mm“. 
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The WO,-based ceramics have very high dielectric constants up to 104—105 
orders, and the relative dielectric constants were found to decrease significantly 
with an increase in frequency from 40 Hz to about 10 kHz, whereas in the higher 
frequency range of 10 kHz—15 MHz, the dielectric constants of the ceramics were 
almost unchanged, which is very useful for application in the high-frequency 
region [27]. According to the theoretical analysis [28], the relative dielectric 
constant is expected to change rapidly near the relaxation frequency, which 
means the relaxation frequencies of the varistors are lower than 100 Hz. The 
high-temperature activation energies for conduction in WO,-based ceramics 
were estimated to be 0.08-0.27 eV [29]. The high dielectric constant makes 
WO,-based ceramics suitable for ceramic capacitor. These imply that WO, is a 
good candidate for capacitor—varistor ceramics with a low breakdown voltage. 


12.5 Improving the Electrical Stability 


The electrical stability is a problem in making WO, as a varistor material in prac- 
tice [30]. Previous studies [9] indicated that the electrical behavior of sintered 
WO3 ceramics is instable and has a serious hysteresis effect; that is, the current 
under constant voltage decays with time, and the voltage—current characteristics 
depend on the electrical history of the ceramics. Compared with ZnO varistor 
materials, repeated V—J curves of the WO, are not good, and there are serious 
electrical relaxation phenomena in constant voltage—current decay with time [9]. 

The electrical instability of WO, originates from the coexistence of the two 
phases. Generally, instable properties derive from the polarization of grains 
caused by phase coexistence of 6-WO, and y-WO, in the sintering process of 
WO, varistor ceramics [9]. As shown in Figure 12.2, WO, has at least five kinds 
of structural phase transitions with the increase in temperature, the crystal 
structure corresponds to the low-temperature monoclinic phase, triclinic phase, 
room temperature monoclinic, orthorhombic phase, and tetragonal phase. 
However, there is an obvious thermal hysteresis effect that the phase transition 
temperature is related to the thermal history of the material. Therefore, many 
works showed that in the sintering of WO, ceramics, the triclinic phase and 
monoclinic phase coexist [8, 9]. The polarization caused by phase coexistence 
destroys the stability of electrical properties. Therefore, how to simplify the 
phase structure of the WO -based varistors to stabilize the electrical properties 
has become the main problem to be solved. 

It was discovered that in the WO,-MnO,-—Na,CO, system, incorporating 
Al,O, can improve the electrical stability but suppressing the nonlinearity at 
the same time [19]. However, experimental results showed that [30] adding rare 
earth oxides to WO, varistors not only made a single monoclinic phase of WO, 
but also the electric performance became stable and promoted the nonlinearity. 
After doping with Gd,O,, the voltage—current characteristics of WO, varistors 
still shows a certain nonlinearity (@ ~2.5), and the stability of the samples at low 
field is not damaged. 

It was reported [1] that this instable electrical properties of WO* ceramics 
could be successfully eliminated by CeO, doping. In addition, its electrical 
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properties in low electrical field were also stable, which indicates the ion 
migration in the depletion layer is ignorable. From this point of view, WO, has 
its own preponderance as a kind of low-voltage varistor. This is benefited from 
its monophase structure characteristic when CeO, is doped, and then stable 
electrical properties are obtained. Also, WO, (tungsten trioxide)-based varistors 
doped with CeO, result in stable electrical properties under a high electric field, 
which is different from coexistence of monoclinic and triclinic phases of WO, 
in undoped WO, ceramics, indicating that the form of triclinic phase WO, is 
effectively depressed by doping CeO,. Moreover, the effect of CeO, on phase 
structure of WO, is insensitive to the concentration of CeO,. The nonlinear 
coefticient was not high, but the barrier voltage was extremely low with the value 
of about 0.04 V for the sample containing 2 mol% CeO,. Small dopant ratio can 
inhibit the grain growth and large dopant ratio can promote the grain growth. 

The EDX results revealed that the cerium element was absent in the grain 
regions but segregated to the grain boundaries. This result indicated that the 
Ce ions dissolved only slightly in the WO, grains during the sintering process 
forming an intergranular Ce-rich phase between the WO, grains [1]. 

There is only a monoclinic phase of WO, existing in rare earth element-doped 
WO, ceramics, indicating that the formation of triclinic phase of WO, is effec- 
tively inhibited by doping rare earth elements, such as Gd,O; [31], V,O;, and 
Ta,O, [32]. Doping Gd,O, in WO, can improve its electrical stability, either 
under high electrical field or under low electrical field, which is related to its 
monophase structure characteristic. The electrical properties under low elec- 
trical field of Gd,O,-doped WO, ceramics are also stable, indicating that ion 
migration in the depletion layer can be ignorable [10]. 

Obviously, electrical stability is in favor of practical use of the WO, ceramic. 
It is known that the electrical degradation phenomenon is also observed in the 
ZnO varistor under a low electrical field. It is assumed that the degradation is a 
grain boundary phenomenon and is the result of ion migration in the depletion 
layer [33, 34]. 


12.6 Mechanism Model of WO,-Based Varistors 


The characteristics and mechanism of WO,-based varistors have been widely 
studied [1, 7, 35-40]. To explain the nonlinear behavior of WO,-doped ceram- 
ics, the double-Schottky barrier model was introduced by an analogy to the grain 
boundary defect model for ZnO varistors [1]. Compared with traditional ZnO- 
and SnO,-based varistor ceramics, the property of WO, varistor is different, 
even undoped WO, ceramics have pronounced varistor properties. The varistor 
behaviors of ZnO-based and SnO,-based varistor ceramics are caused by grain 
boundary doping, rather than the inherent characteristics of ceramics. Although 
because of the absence of grain boundary precipitates in the WO, ceramics, the 
occurrence of the grain boundary Schottky barrier may originate from the intrin- 
sic interface states in the WO, ceramics [19]. 

The normally sintered WO, ceramics have significant nonlinear character- 
istics, whereas the samples through high-temperature quenching show no 
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nonlinear behavior. However, the nonlinear behavior could be restored if the 
quenched ceramic samples are thermally treated in oxygen-rich conditions. 
This indicates that the oxygen plays a key role in the formation of the nonlinear 
behavior of WO, ceramics, and in hypoxic conditions, WO, ceramics cannot 
generate nonlinear characteristics [30]. After heat treatment, WO, grain surface 
can present high levels of oxygen vacancy (V$ and V2}) very easily, which are 
active oxygen adsorption sites, and in the cooling process, to be able to enrich 
oxygen in the form of chemical adsorption on the grain surfaces [35]. The 
emergence of oxygen vacancies on the grain surface leads to the combination 
of electronic or electronic pairs around W ions; thus, the grain surface presents 
low reduction valent of W ions (W**, W5+) [1]. Under the interaction of oxygen 
vacancies on the grain surface and reduction state of W ions, the grain surfaces 
adsorb oxygens to form interface states and then form the Schottky barriers 
at the grain boundaries, which is the origin of the behavior of WO, varistor 
ceramics. The following reaction illustrates the process [40]: 


O+S > Oua (12.1) 
W + Oa > Wt +07 (12.2) 
we + Oa > WS +07 (12.3) 
ws + 07 = WS +07 (12.4) 


where S represents oxygen vacancies (V5, V+) and O,, is the adsorbed oxygen. 
The oxygen adsorbed on the grain surface combines with the electronics inside 
the grain and forms interface states at the grain surface. The oxygen vacancies 
form an electron depletion layer at the grain boundary, which forms the Schottky 
barrier at the grain boundary. The interface state of the barrier is mainly com- 
posed of adsorbed O°- and O7, whereas the depletion layer is composed of V$ 
and V@". The effect of grain boundary barrier makes the WO, ceramics exhibit 
the nonlinear properties [40]. 

The AES spectra show that the surface of the ceramic grains presents excessive 
oxygen [40], which is the result of oxygen adsorption in the quenching process. 
The result of AES depth analysis of a single WO, grain shows that the W and O 
concentration ratio is 1:4 on the surface of grains and meet the stoichiometric 
ratio of WO,, W, and O ion concentration ratio is 1:3, that is to say the excessive 
oxygen ions exist at the grain surface in adsorption state. With the increase in the 
sputtering depth, the oxygen content decreases gradually, and the equilibrium 
value reaches at 2-3 nm, which shows that there are about three to four oxygen 
adsorption layers on the surface of the grain [18]. These adsorbed oxygen layers 
interact with the electrons from the WO, grains to form the interface states on 
the grain surface and then form the Schottky barriers at the grain boundaries, 
which is the origin of the behavior of WO, varistor ceramics. 

Impedance spectroscopy analysis [39], which provides further evidence, shows 
that the high-resistance grain boundary layer exists in the ceramics with non- 
linear performance but does not exist in the ceramics without nonlinear perfor- 
mance. A grain boundary layer with high resistance is formed in ceramic cooling 
process, when the production and migration of nonequilibrium defects inside 
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and outside the grains occur. Then, under the eftect of oxygen adsorption on the 
grain surface, the high resistivity layer forms. Because of this huge feature differ- 
ence in the resistance of grain outside and inside, an electronic barrier forms in 
the grain boundary. 

In the WO, ceramics doped with CeO,, the possible substitution equations 
are [1] 


WO; 2- 2+ x 1 
CeO, + O, —> Cey + Vg + 06 + 502 T (12.5) 
2WO; > Wy + Vo + O% + 20, t (12.6) 


Oxygen in the above equation will be partly absorbed at the WO, grain bound- 
aries and reacts with Ce\y according to the following reactions [1]: 


1 
502 Où (12.7) 
20%, + Cet, > 207 + Cex, (12.8) 
OX, + Ceyy + O? + Ce% (12.9) 


The positive charges (W5+, V2) are located on both sides of the grain boundary, 
and the negative charges (Cey;, Wy,, O7, O”) are distributed at the grain bound- 
ary interfaces. Because of the charge compensation between the positive and the 
negative charges, a depletion layer is created at the grain boundary [41, 42]. As a 
result, the Schottky barrier is formed, leading to the nonlinear electrical behavior 
of CeO,-doped WO, [1]. 

The other obvious effect is that the permittivity of doped samples is higher 
than that of pure WO, [1]. The permittivity increases as the concentration of 
CeO, increases and reaches the maximum at 0.5 mol% and decreases with a fur- 
ther increase in the concentration of CeO,. Neither grain nor the grain boundary 
material can account for the ultrahigh value. The high permittivity of the ceramic 
comes from the fact that the resistivity of grains is much lower than that of the 
grain boundary layers, so the entire voltage is sustained across the narrow inter- 
granular region, as pointed by Liet al. [43]. The thickness of grain boundary of the 
doped samples is lower than that of pure WO, . It can be deduced that the increase 
in permittivity of WO, ceramic is attributed to the decrease in the thickness of 
grain boundary. 

Analysts believed that [36, 37] the difference of WO,, TiO, ceramics, and 
traditional ZnO, SnO, varistor ceramics on mechanisms leads to the different 
characteristics of their varistor properties. The nonlinear properties of ZnO- 
and SnO,-based varistors originated from the Schottky barrier generated by 
the precipitate-doped transition metals in the grain boundary, and usually, this 
kind of barrier is relatively higher (about 1 eV) [1, 38]; therefore, their varistor 
performance is superior. The nonlinear behavior of WO, ceramic materials 
may originate from the barrier caused by the existed difference of resistivity 
between the grain surface and grain internal, and this kind of barrier is relatively 
lower (about 0.25 eV) [37]; therefore, the nonlinear coefficient and the threshold 
electric field are low. 
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12.7 Doping Effects 


WO,-based ceramics present an intrinsic varistor behavior. The addition of elec- 
tron donor and acceptor dopants and heat treatments in different atmospheres 
also alter the nonlinear properties of these systems, as they affect the formation 
of the Schottky barrier [44-70]. 

The influences of Na,O, MnO,, Al,O,, CoO, BaO, NiO, and Fe,O, additions 
on the electrical properties and the microstructure of WO,-based ceramics 
were summarized [29]. The effect of the addition of small amounts of Li,O, 
V,O;, Co,O3, and La,O, on the conductivity of WO, ceramics were studied by 
Kaneki et al. [5]. All of these oxides were found to increase the conductivity of 
WO, ceramics. The electrical conductivity of tungsten oxide ceramics strongly 
depends on the oxide additives. It reaches a minimum value of 9 x 1077 Q7! cm7! 
for the WO,—Na,O system [45]. 

Previous results showed that Na,CO, and MnO,, no matter individually doped 
or codoped with other oxides together, can play a modification role [26]. How- 
ever, Co cannot improve the nonlinearity when doped alone, but when codoped 
with others, it can improve the nonlinear performance of WO,-based varistors. 
Bi can keep the nonlinearity of WO, ceramics if doped alone, but make the orig- 
inal nonlinearity lost completely for the WO,-Na,CO,;—MnO, system [6, 9]. 
These show that a strong synergy relationship exists among kinds of dopants, 
and the influence on nonlinear electrical property is not a simple superposition. 


12.7.1 The Addition of Rare Earth Oxides 


Doping rare earth oxides in WO, ceramics can influence the growth of the grains. 
As dopants, rare earth elements mainly segregate at the grain boundaries [10]. A 
low concentration of Gd or Ce can inhibit the grain growth and a high concentra- 
tion can promote the grain growth [32]. Both Dy and La can promote the grain 
growth [26]. Only Yb inhibits the grain growth. The grain size of WO, varis- 
tors doped with rare earth oxides is in the range of 10-20 um for most of the 
samples [10]. There are some porous slice-shaped materials in the Dy-doped sam- 
ples and club-shaped materials in the La-doped samples. It is believed that the 
slice-shaped materials (Dy-rich phase) are amorphous with a weak conductivity 
to form the Schottky barrier [10]. However, the club-shaped materials (La-rich 
phase) are in the crystalline state with a good conductivity, so that the barrier is 
broken down, leading to the nearly linear voltage—current characteristics [10]. 

Doping of rare earth oxides cannot obviously increase the nonlinear coefficient 
of WO,. The nonlinear coefticient is in the range of 2-5 [10]. Wang et al. [46] 
found that Tb,O0,-doped WO, ceramics exhibit nonlinear electrical properties at 
ambient temperature in the range of 300-500 °C [10] under continuous DC field, 
and the nonlinear coefficient @ is around 4 for the sample with the atom ratio 
of W to Tb 95/5 in the current density range of 1-0.1 mA cm~. The nonlinear 
coefticient of Gd,O,-doped varistor is about 2.5, but the barrier voltage is very 
low with the value of about 0.06 V [31]. 

Dai et al. [47] studied the effect of Y,O, dopant and found that when the incor- 
poration of Y,O, is 0.8 mol%, the nonlinear coefficient reaches the maximum of 
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3.16. On the other hand, doping of rare earth oxides can obviously increase the 
dielectric constant of WO, ceramics, about one order of magnitude on the whole. 
High dielectric constant makes it more suitable as a capacitor—varistor material 
[10]. The doping of Gd,O, in WO, largely increases the dielectric constant £, of 
the ceramics to about 22 700 at 1 kHz [31], a more higher value of 1.16 x 10* was 
reported as 1.2 mol% Y,O, was doped [47]. 

Doping Pr,O,, can reduce the breakdown voltage and barrier voltage of 
Pr,O,,-doped WO, to a very low level. The WO ;-0.03 mol% Pr,O,, ceramics 
present a nonlinear coefficient of 3.8, a low breakdown voltage of 8.8 Vmm=!, 
and a high dielectric constant of 7.69 x 10* at 1 kHz [23]. Considering that Pr?+ 
has a larger ionic radius and a smaller valence than Wt, Pr,O,, dopant as a 
substantial acceptor could be estimated when doped in a WO,-based varistor 
[23]. The doping of Pr,O,, leads to the increase in the donor density (N4) and the 
interface states density (N,) [23]. The barrier height increases with an increase 
in N,. The depletion layer width (t) calculated from N4 and N, decreases from 
18.2 to 8.9nm. The highest grain boundary barrier occurs in WO,;-0.03 mol% 
Pr,O,,, which is consistent with the best nonlinear electrical properties for 
this composition. During sintering, PrO}, is decomposed to Pr,O,. Although 
Pr?+ has much larger radius (0.099nm) than that of W6+ (0.060nm), it 
remains the possibility for a limited substitution, such as the following defect 
equation [23]: 

$P1,03 es Zv + Žo (12.10) 

When a Pr*+ diffuses into the WO, lattice and occupies the W** site, three 
negative charges are presented. Then, oxygen vacancies (v2) are created for the 
electric charge balance. As the doping content of Pr?* increases, more oxygen 
vacancies will be created. They increase the electron-hopping probability and 
increase the conductivity in grains. However, Prèt shows a limited substitution 
because it has a larger ionic radius and a lower valence than the W*+. Most Pr3+ 
ions segregate at the WO, grain boundary to relieve the elastic strain energy and 
thus increase the grain boundary resistivity by acting as acceptors. They block 
the formation and transportation of electrons and defects. Owing to the above 
two reasons, the sample doped with 0.03 mol% Pr,O,, behaves the most effective 
boundary barrier layer [23]. 

Overall, WO, ceramics doped with rare earth elements have low breakdown 
voltage and barrier voltage, indicating that WO, is more suitable for low voltage 
capacitor—varistor [10]. 


12.7.2 The Addition of CuO 


Zhao et al. [18] studied the effects of CuO addition on the microstructure and 
electrical properties of the WO, varistors. The results indicate that the minor 
addition of CuO promotes the densification and grain growth of WO, ceramics. 
From the V-I measurements, the samples present a linear voltage—current char- 
acteristic and the resistivity is quite low when doping 0.2 mol% CuO. A further 
increase in the CuO content can recover the nonlinear electrical property because 
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the excessive CuO precipitates in the grain boundary and formed n—p—n-type 
double-Schottky barriers. 

The ionic radius of Cu?* is 0.72nm and that of W** is about 0.62 nm, both 
approaches. In addition, Cu?* as a two-valence ion combines with oxygen ions 
to form a symmetrical structure; therefore, with respect to W*+, Cu?+ is more 
likely to bind with oxygen ions [18]. During the sintering process, Cu?* ions can 
be easily replaced by W** ions in the WO, lattice: 


wo, i- 
CuO —> Cuyy + 2V% (12.11) 


As the above reaction occurs mainly at the grain boundary surface, the resulting 
interstitial W+ can recombine with oxygen ions at the sintering temperature to 
form tungsten oxide on the new lattice point, so the grain size of tungsten oxide 
ceramics increases obviously. The defect produced by the reaction is helpful to the 
mass transfer inside the ceramic disk, and the relative density of the ceramic disk 
increases obviously, too. At the same time, a large number of defects produced 
by the reaction will destroy the oxygen adsorption layer on the grain boundary, 
thus greatly reduce the resistance of the tungsten oxide ceramics. 

With the increase in the doping amount, the excessive CuO is segregated 
on the grain surface [18]. The segregated CuO hinders the migration of ions 
in the ceramics, which shows that the density of tungsten oxide ceramics 
decreases. WO, is a nonstoichiometric n-type semiconductor, and CuO is a 
nonstoichiometric p-type semiconductor material with the characteristics of 
excessive oxygen. The segregation of the p-type semiconductor at the grain 
boundaries leads to the formation of the nonlinear electrical behavior, which 
is caused by the double-Schottky barrier with n-p-n bonding formed between 
grain and grain boundary. In the electrical performance, the resistivity increases 
greatly, and the nonlinear electrical behavior is improved with the increase in 
the doping amount [18]. 


12.7.3 The Addition of Al,O; 


Al,O3, either by individually doping or codoping, is generally detrimental to 
the nonlinear performance [6]. Codoping Al,O, with Co,O,, MnO,, and Na,O 
promotes better densification [45, 48]. Usually, the addition of Na,O ensures 
liquid-phase sintering and shifts the onset of sintering to lower temperatures, 
whereas the addition of Al,O, shifts the onset of sintering to a higher tempera- 
ture, compared with pure WO. The addition of Al,O, inhibits the grain growth 
in WO,, but all other additives enhanced the grain growth. 

The influence of Al,O, additive on the electrical properties and microstruc- 
ture of Na- and Mn-doped WO, ceramics was studied [18]. Addition of Al,O, 
shifts the voltage—current characteristics to higher field and inhibits the grain 
growth. The conductivity decreases as the concentration of Al,O, increases, but 
the nonlinear coefficient decreases with the addition of Al,O,. The small addition 
of Al,O, of about 0.5 mol% is an optimal. 
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12.7.4 The Addition of TiO, 


The addition of TiO, into WO, obviously reduces the grain size of the WO, 
ceramics, improves the density, and evidently improves the electrical conduc- 
tivity of the WO, ceramics by about two orders of magnitude [49]. According to 
the work reported by Komornicki et al. [50], the solubility limit of TiO, in WO, 
is ~0.35 mol%. Thus, the oxygen vacancies introduced by the addition of TiO, 
improve the electronic concentration in WO,, responsible for the enhanced elec- 
trical conductivity. Besides, the mobility of the carriers is strongly influenced by 
the disorder present in the materials and by impurity doping [51]. It is reported 
[15] that the electrical conductivity of WO, decreases because of an increasing 
volume of the grain boundaries, which contributes to more trapping and scatter- 
ing of free charge carriers. With the increase of TiO, content in WO, the fraction 
of the small grain decreases, resulting in reducing the volume of the grain bound- 
aries, which can explain the increment of the electrical conductivity of the doped 
samples with an increase in the concentration of TiO, [52]. 

Doping WO, with TiO, also enhances the absolute value of Seebeck coefficient 
[49], in the temperature range from 473 to 1023 K, to make the sample have better 
thermoelectric property because of the small grain size (as shown in Figure 12.5), 
which has been reported by Park et al. [52] in TiO,-doped ZnO ceramics. 


12.7.5 The Addition of Other Additives 


WO,-Na,CO,-—CuO/CdO/Bi,O;/Sb, Os, as well as its nonlinear properties and 
dielectric properties, was described [27]. The samples doped with CdO and Bi O; 
has the largest and lowest resistivity, respectively, at a high frequency. The lowest 
breakdown electrical field may be related to the lowest resistivity of WO, grain 
boundaries in the sample doped with Bi,O,. It is found that Bi,O, is not helpful 
to improve the nonlinearity of the WO;-Na,CO,—Mn0O, varistor system, even 


(b) 


Figure 12.5 The micrographs of WO, varistor sample doped with (a) 0.1 and (b) 0.5 mol% 
TiO2. Source: Wang et al. 2012 [49]. Reproduced with permission of Springer. 
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harmful when the amount of Bi,O, is increased to 4 mol% [6]. Doping of Co,O, 
can improve the nonlinearity, with a about 6 and breakdown field about 5 V mm=! 
when the amount of Co,O is 1 mol%. Doping with 0.5 mol% Al,O3, the non- 
linearity is significantly improved at 200°C, and it is an ohmic resistor at room 
temperature [6]. 

Yang and coworkers [46] prepared Sr-doped WO, varistor system and found 
that when mixed with 0.2 mol% Sr, the nonlinear coefticient reached 8.7, but elec- 
trical instability occurred. 
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